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INTRODUCTION 

This  proposal  tested  the  hypothesis  that  histone  deacetylase  activity  contributes  to  the 
transcriptional  repression  of  the  methylated  estrogen  receptor  alpha  (ER)  gene  in  ER-negative 
breast  cancer  cells.  It  was  further  postulated  that  inhibition  of  histone  deacetylation  and  DNA 
methylation  could  act  together  to  reactivate  ER  expression. 

BODY 

Technical  Objective  1:  To  determine  whether  histone  deacetylase  activity  is  required  for 
transcriptional  silencing  of  the  ER  gene. 

Because  the  absence  of  ER  gene  expression  has  been  associated  with  aberrant 
methylation  of  its  CpG  island  in  a  fraction  of  breast  cancers,  the  contribution  of  histone 
deacetylase  activity  to  transcriptional  inactivation  of  the  methylated  ER  gene  in  a  panel  of  ER- 
negative  human  breast  cancer  cells  was  tested.  Treatment  of  these  cells  with  trichostatin  A,  a 
specific  histone  deacetylase  inhibitor,  led  to  dose-  and  time-dq)endent  expression  of  ER  mRNA 
as  detected  by  reverse  transcription-PCR  without  alteration  in  ER  CpG  island  methylation. 
Trichostatin  A-induced  ER  re-expression  was  associated  with  increased  sensitivity  to  DNase  I  at 
the  ER  locus  in  MDA-MB-231  cells.  These  data  implicate  inactive  chromatin  mediated  by 
histone  deacetylation  as  a  critical  component  of  ER  gene  silencing  in  human  breast  cancer  cells. 
These  results  were  published  in  Yang  et  al.  Cancer  Research  60:6890-4, 2000. 

Technical  Objective  2:  To  achieve  maximal  ER  reactivation  both  in  vitro  and  in  vivo 
through  the  combination  of  demethylation  and  histone  deacetylase  inhibition. 

The  combination  of  a  histone  deacetylase  and  a  DNA  methyltransferase  inhibitor  was 
shown  to  increase  ER  expression  in  a  synergistic  fashion  when  compared  with  either  treatment 
alone.  The  combination  led  to  a  300-400  fold  induction  in  ER  transcript.  This  was  associated 
with  ER  protein  re-expression.  Restoration  of  estrogen  responsiveness  was  demonstrated  by  the 
ability  of  the  induced  ER  protein  to  elicit  estrogen  response  element-regulated  reporter  activity 
from  an  exogenous  plasmid  as  well  as  the  expression  of  the  ER  target  gene,  progesterone 
receptor.  The  synergistic  activation  of  ER  occurred  concomitantly  with  markedly  reduced 
soluble  DNMTl  expression  and  activity,  partial  demethylation  of  the  ER  CpG  island,  and 
increased  acetylation  of  histone  H3  and  H4.  These  data  suggest  that  the  activities  of  both 
DNMTl  and  HD  AC  are  key  regulators  of  methylation-mediated  ER  gene  silencing.  These 
results  were  published  in  Yang  et  al.  Cancer  Research  61:7025-9, 2001. 

KEY  RESEARCH  ACCOMPLISHMENTS 

■  Demonstration  that  an  inhibitor  of  histone  deacetylase  can  reactivate  ER  expression  in  ER- 
negative  human  breast  cancer  cells. 

■  Demonstration  that  the  combination  of  an  inhibitor  of  histone  deacetylase  and  an  inhibitor  of 
DNA  methyltransferase  can  synergistically  reactivate  ER  expression  in  ER-negative  human 
breast  cancer  cells  over  either  strategy  alone. 
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As  a  result  of  her  career  development  at  Hopkins  and  through  this  grant,  the  original  PI,  Xiaowei 
Yang,  M.D.,  Ph.D.,  took  a  position  as  a  full-time  permanent  staff  scientist  at  the  National  Cancer 
Institute,  National  Institutes  of  Health,  Bethesda,  MD  in  July  2001.  This  grant  was  then 
transferred  to  Yi  Huang,  M.D.,  Ph.D.  who  assisted  with  completion  of  the  work.  Because  the 
proposed  animal  studies  were  not  successful  and  the  remainder  of  the  work  proposed  had  been 
completed,  he  began  a  new  project  that  he  continues  as  a  postdoctoral  fellow. 

Because  of  a  major  interest  in  cancer  treatment.  Dr.  Huang  began  a  study  of  the  effects  of  novel 
polyamine  analogues  in  breast  cancer  cells.  He  showed  that  seven  different  polyamine  analogues 
exhibited  growth  inhibitory  effects  against  human  breast  cancer  cell  lines  with  IC50  generally 
less  than  1  uM  for  96  hr  exposure.  Evidence  of  apoptotic  cell  death  was  demonstrated  by  DNA 
fragmentation  assay  as  well  as  analyses  suggesting  that  the  intrinsic  mitochondrial  apoptotic 
pathway  was  activated  in  MDA-MB-231  but  not  MCF-7  cells.  These  results  were  presented  at 
the  2002  meeting  of  the  American  Association  of  Cancer  Research  (Huang  et  al,  Proc  AACR 
43:90, 2002). 

CONCLUSIONS 

Administration  of  a  histone  deacetylase  inhibitor,  trichostatin  A,  can  re-activate 
expression  of  ER  in  ER-negative  breast  cancer  cell  lines.  Adminstration  of  a  combination  of 
histone  deacetylase  and  DNA  methyltransferase  inhibitors  can  synergistically  reactivate 
expression  of  ER  in  ER-negative  human  breast  cancer  cell  lines. 
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Preliminary  evidence  suggests  that  new  conformationally  constrained  polyamine 
analogues  and  oligoamines  can  inhibit  growth  and  induce  apoptosis  in  human  breast  cancer  cells. 

APPENDICES 

Four  reprints  and  one  abstract  as  listed  above. 
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Transcriptional  Activation  of  Estrogen  Receptor  a  in  Human  Breast  Cancer  Cells 
by  Histone  Deacetylase  Inhibition^ 

Xiaowei  Yang,  Anne  T.  Ferguson,  Sharyl  J.  Nass,  Dawn  L.  Phillips,  Kim  A.  Butash,  San  Ming  Wang, 

James  G.  Herman,  and  Nancy  E.  Davidson^ 

The  Johns  Hopkins  Oncology  Center,  Johns  Hopkins  University,  Baltimore,  Maryland  21231  [X.  Y.,  A.  T.  F.,  S.  J.  M,  D.  L  P.,  K.  A.  B.,  J.  G.  H.,  N.  E.  D.],  and  Section  of 
Hematology/Oncology,  University  of  Chicago  Medical  Center.  Chicago,  Illinois  60637  [S.  M.  W.] 


Abstract 

Recent  findings  have  established  a  connection  between  DNA  methyla- 
tion  and  transcriptionally  inactive  chromatin  characterized  by  deacety- 
lated  histones.  Because  the  absence  of  estrogen  receptor  a  (ERa)  gene 
expression  has  been  associated  with  aberrant  methylation  of  its  CpG 
island  in  a  significant  fraction  of  breast  cancers,  we  tested  whether  histone 
deacetylase  activity  contributes  to  the  transcriptional  inactivation  of  the 
methylated  ER  gene  in  a  panel  of  ER>negative  human  breast  cancer  cells. 
Treatment  of  these  cells  with  trichostatin  A,  a  specific  histone  deacetylase 
inhibitor,  led  to  dose-  and  time-dependent  re-expression  of  ER  mRNA  as 
detected  by  reverse  transcription-PCR  without  alteration  in  ERa  CpG 
island  methylation.  Trichostatin  A-induced  ER  re-expression  was  associ¬ 
ated  with  increased  sensitivity  to  DNase  I  at  the  ER  locus  in  MDA-MB-231 
cells.  IThese  data  implicate  inactive  chromatin  mediated  by  histone 
deacetylation  as  a  critical  component  of  ER  gene  silencing  in  human 
breast  cancer  cells.  Therefore,  histone  deacetylation  may  be  a  potential 
target  for  therapeutic  intervention  in  the  treatment  of  a  subset  of  ER- 
negative  breast  cancers. 

Introduction 

Interaction  between  17/3-estradiol  and  ERa^  plays  an  important 
role  in  breast  carcinogenesis  and  breast  cancer  treatment.  That  estro¬ 
gen  stimulates  the  growth  of  certain  breast  cancers  is  well  established, 
and  hormonal  therapy  via  estrogen  depletion  or  antiestrogen  admin¬ 
istration  is  widely  used  to  block  the  action  of  estrogen  in  women  with 
breast  cancer.  However,  patients  whose  breast  cancers  lack  ER  sel¬ 
dom  respond  to  endocrine  therapy;  therefore,  a  potential  mechanism 
for  hormone  resistance  is  de  novo  or  acquired  loss  of  ER  gene 
expression  at  the  transcriptional  level  during  disease  progression 
(1,  2). 

One  possible  mechanism  for  loss  of  ER  in  ER-negative  breast 
cancers  is  cytosine  methylation  of  the  ER  CpG  island  in  the  5' 
regulatory  region  of  the  gene  (3).  Indeed  the  ER  gent  CpG  island  is 
extensively  methylated  in  ER-negative  breast  cancer  cells,  and  ~50% 
of  unselected  primary  breast  tumors  but  remains  unmethylated  in 
normal  breast  tissue  and  many  ER-positive  tumors  and  ER-positive 
cancer  cell  lines  (4,  5).  The  functional  importance  of  this  finding  is 
demonstrated  by  the  fact  that  treatment  of  ER-negative  human  breast 
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cancer  cells  with  the  demethylating  agent,  5-aza-dC,  led  to  reactiva¬ 
tion  of  expression  of  ER  mRNA  and  functional  ER  protein  (6).  Recent 
studies  indicate  that  silencing  of  a  gene  by  methylation  involves  the 
generation  of  an  inactive  chromatin  structure  characterized  by 
deacetylated  histones.  An  abundant  chromosomal  methyl  CpG-bind- 
ing  protein,  MeCP2,  was  the  first  protein  identified  to  link  methylated 
DNA  and  a  HDAC-containing  transcriptionally  repressive  complex 
for  gene  silencing.  Subsequently,  several  MBD  proteins  have  been 
identified  that,  similar  to  MeCP2,  couple  methylated  DNA  to  HD  AC 
(7,  8).  More  recently,  the  well-known  maintenance  methyltransferase, 
Dnmtl,  was  found  to  interact  physically  with  HD  AC  through  its  N 
terminus,  thereby  forming  a  transcriptionally  inactive  chromatin  struc¬ 
ture  that  represses  transcription  (9,  10).  All  of  these  findings  demon¬ 
strate  the  important  role  of  HD  AC  in  transcriptional  regulation.  The 
HDACs  deacetylate  lysine  groups  of  histones  H3  and  H4,  allowing 
ionic  interactions  between  positively  charged  lysines  and  negatively 
charged  DNA,  which  result  in  a  more  compact  nucleosome  stmeture 
that  limits  transcription.  The  availability  of  specific  HDAC  inhibitors 
such  as  TSA  (11)  permits  the  study  of  the  role  of  HDAC  in  silencing 
a  variety  of  tissue-specific  methylated  genes  (7,  12). 

Here,  we  have  tested  whether  loss  of  ER  expression  in  some  breast 
cancers  is  associated  with  transcriptional  repression  through  HDAC 
activity  on  the  methylated  ER  gene.  Our  data  demonstrate  that  specific 
HDAC  inhibition  via  TSA  treatment  can  reactivate  ER  transcription  in 
the  presence  of  the  methylated  DNA.  The  activated  gene  transcription 
is  associated  with  increased  sensitivity  of  the  ER  promoter  to  DNase 
I  treatment.  These  data  suggest  that  inactive  chromatin  mediated  by 
HDAC  is  critical  to  ER  gene  silencing. 

Materials  and  Methods 

Cell  Lines,  Reagents,  and  TSA  Treatment  Human  breast  cancer  cells 
(Hs578t,  MCF-7AVT,  MCF-7/Adr^,  T-47D,  and  MDA-MB-231)  were  grown 
in  DMEM  supplemented  with  10%  fetal  bovine  serum  and  2  mM  L-glutamine. 
TSA  was  purchased  from  Wako  Pure  Chemical  Industries,  Ltd.  (Osaka,  Japan), 
dissolved  in  absolute  ethanol  at  a  stock  concentration  of  1  mg/ml  (3.30  mM), 
and  stored  at  —  20°C.  DNase  I  was  purchased  from  Pharmacia  Biotech  (Phar¬ 
macia  Biotech,  NJ).  Cells  (MDA-MB-231,  Hs578t,  T-47D,  or  MCF-7/Adr^) 
were  seeded  at  a  density  of  6  X  10^  cells/1 00-mm  tissue  culture  dish  (8  X  10^ 
cells/cm^).  After  24  h  of  incubation,  the  culture  medium  was  changed  to 
different  concentrations  of  TSA-  or  vehicle  (ethanol)-containing  medium. 
Either  total  cellular  RNA  or  genomic  DNA  was  isolated  after  0,  24, 48,  or  72  h 
of  TSA  exposure. 

RNA  Isolation  and  RT-PCR  Analysis  of  ER  Expression.  Total  cellular 
RNA  was  isolated  from  cell  lines  with  TRIzol  reagent  according  to  the 
recommendations  of  the  supplier  (Life  Technologies,  Inc.,  Rockville,  MD). 
RNA  (3  jLtg)  was  reversibly  transcribed  by  Moloney  murine  leukemia  virus 
reverse  transcriptase  (Life  Technologies)  using  01igoDT,5  primer  (Promega 
Corp.,  Madison,  WI)  in  a  final  volume  of  50  pA.  Four  %  of  synthesized  cDNA 
(2  p]y  derived  from  150  ng  of  initial  RNA)  was  used  for  PCR  amplification  of 
ER  and  the  constitutively  expressed  housekeeping  gene  p-actin  (13).  Specific 
sense  and  antisense  PCR  primers  used  for  the  amplifications  across  the  seventh 
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intron  of  ER  and  the  first  intron  of  ^-actin  genes,  yielding  470  and  400  bp  of 
PCR  products  respectively,  were  described  previously  (6).  PCR  products  were 
resolved  by  2%  agarose  gel  electrophoresis  and  visualized  by  ethidium  bro¬ 
mide  staining. 

Quantitative  Competitive  PCR  Analysis  of  ER  Reactivation.  A  quanti¬ 
tative  assay  was  performed  to  determine  the  level  of  ER  mRNA  in  TSA-  and 
vehicle-treated  MDA-MB-231  cells  as  compared  with  the  expression  levels  in 
the  known  ER-positive  MCF-7  and  T-47D  cells  using  the  method  of  Wang  and 
Rowley  (14).  This  assay  involves  coamplification  of  a  wild-type  target  cDNA 
(wER)  of  unknown  amount  and  a  competitive  template  (cER)  in  known 
amounts.  A  truncated  competitive  template  was  generated  with  a  sense  primer 
containing  a  22-bp  deletion  (primer  2)  and  the  same  antisense  primer  (primer 
3)  as  the  wild-type  (Fig.  2A).  After  amplification,  the  competitive  template  was 
separated,  gel  purified,  and  quantified  by  Spectrophotometer  DU  640  (Beck¬ 
man,  CA).  Thus,  target  wild-type  and  known  amounts  of  competitive  templates 
can  be  coamplified  with  the  pair  of  wild-type  primers  (primers  1  and  3)  and 
differentiated  by  size.  Because  the  most  accurate  results  are  obtained  when 
wild-type  and  competitive  templates  are  amplified  at  nearly  equivalent  con¬ 
centrations,  resulting  in  the  signal  ratio  of  wERxER  equivalent  to  1,  we  first 
performed  an  initial  titration  in  log  and  then  in  2-fold  dilutions  to  determine  the 
approximate  concentration  of  the  wild-type  ER  cDNA  in  our  experimental 
samples.  RNAs  under  comparison  were  simultaneously  reversibly  transcribed 
to  achieve  equal  efficiency  for  reverse  transcription.  The  PCR  reactions  were 
carried  out  with  0.5  /utM  of  wild-type  sense  and  antisense  primers  for  35  cycles. 
The  wild-type  and  competitive  PCR  products  were  fractionated  on  2.5% 
agarose  gel,  stained  with  ethidium  bromide,  and  scanned  by  Densitometer 
(EagleSight  Software  of  Eagle  Eye  n  Imaging  System;  Stratagene,  La  Jolla, 
CA).  The  ratio  between  wild-type  and  control  templates  was  determined  and 
used  to  calculate  the  amount  of  target  wild-type  cDNA  because  the  input  of 
competitive  template  is  known. 

Genomic  DNA  Isolation  and  MSP  Analysis  of  ER  CpG  Island.  DNA 
was  isolated  by  standard  phenol-chloroform  extraction.  Isolated  DNA  was 
subjected  to  modification  by  sodium  bisulfite  to  convert  unmethylated  cy¬ 
tosines  but  not  methylated  cytosines  to  uracil  as  described  previously  (15). 
Methylation  status  of  the  bisulfite-modified  DNA  at  the  ER  locus  was  char¬ 
acterized  by  methylation-specific  PCR  using  a  method  described  previ¬ 
ously  (5). 

DNase  I  Sensitivity  Assay.  This  assay  was  performed  according  to  the 
method  of  Keshet  et  al  (16)  using  cells  from  TSA-  or  vehicle-treated  MDA- 
MB-231  and  MCF  7  cells  (1  X  10^  cells/each)  with  the  following  modifica¬ 
tions.  The  isolated  DNA  was  digested  with  EcoRI,  the  recognition  sites  of 
which  flank  the  ER  promoter  region  to  yield  a  3.1-kb  fragment  that  was 
separated  by  1%  agarose  gel  electrophoresis.  DNAs  blotted  on  nylon  mem¬ 
brane  were  probed  with  a  PCR-amplified,  561 -bp  DNA  fragment  correspond¬ 
ing  to  the  ER  CpG  island  (Fig.  4A).  The  sense  and  antisense  oligonucleotides 
used  to  amplify  the  fragment  are  5'-AGACCAGTACTTAAAGTTGGAG- 
GCC-3'  and  5'-GGGAAACCCCCCAGG-3'.  The  amplified  DNA  was  cloned 
into  pCR2.1-TOPO  vector  (Invitrogen,  CA)  according  to  the  manufacturer’s 
protocol.  Colonies  containing  amplified  DNA  sequence,  determined  by  Mini- 
Prep  (Promega  Wizard  Mini-Prep  kits),  were  grown  and  purified.  The  purified 
plasmids  were  sequenced  via  automated  sequencing  (Johns  Hopkins  Sequenc¬ 
ing  Core  Facility).  The  specific  ER  CpG  probe  was  prepared  from  sequence- 
confirmed  plasmid  and  labeled  with  bio-16-dUTP  (Boehringer  Mannheim,  IN) 
by  PCR  using  the  above-mentioned  primer  set.  The  3.1-kb  DNA  band  con¬ 
taining  the  ER  promoter  region  was  visualized  by  chemiluminescence  using  a 
streptavidin-conjugated,  alkaline  phosphatase-catalyzed  substrate,  CDP-star. 
The  band  signals  that  reflect  the  resistance  to  DNase  I  were  quantified  by 
densitometry  (Stratagene),  and  the  cumulative  DNase  1  sensitivity  was  calcu¬ 
lated  as  follows.  The  band  density  at  each  DNase  I  concentration  was  divided 
by  the  density  of  the  control  band  and  then  multiplied  by  100%.  This  value  was 
subtracted  from  100%  to  yield  the  percentage  of  DNase  1  sensitivity.  The  sum 
of  the  percentage  of  DNase  I  sensitivity  at  each  dose  was  considered  to  be  the 
cumulative  DNase  I  sensitivity. 


negative  cell  line,  MDA-MB-231,  the  ER  CpG  island  of  l^hich  is 
densely  methylated,  was  used  as  a  cell  model  to  test  whether  HD  AC 
activity  contributes  to  repression  of  ER  expression  in  ER-negative 
breast  cancer  cells.  TSA,  a  specific  and  potent  HDAC  inhibitor,  was 
used  as  a  pharmacological  tool.  Exposure  of  MDA-MB-23 1  cells  to 
increasing  concentrations  of  TSA  led  to  induction  of  ER  mRNA 
synthesis  in  a  dose-dependent  manner  (Fig.  lA).  A  detectable  level  of 
ER  mRNA,  as  demonstrated  by  a  RT-PCR  product  with  predicted 
470-bp  size,  was  noted  after  treatment  with  50  ng/ml  (160  nM)  TSA 
for  48  h,  and  ER  transcript  was  clearly  present  after  100  ng/ml  (330 
nM)  TSA  for  the  same  duration.  A  time  course  analysis  showed  that  a 
weak  signal  could  be  seen  after  24  h  of  100  ng/ml  TSA  treatment, 
whereas  ER  transcript  was  readily  observed  after  48  or  72  h  (Fig.  2B). 
Multiple  experiments  were  done  to  achieve  optimal  conditions  for 
TSA  induction  of  ER  mRNA  in  MDA-MB-231  cells.  These  showed 
that  maximal  ER  reactivation  was  achieved  with  100  ng/ml  TSA  for 
48  h  using  an  initial  seeding  density  of  8  X  10^  cells/cm^.  Higher 
inoculating  cell  densities  reduced  ER  transcript  signal  (data  not 
shown). 

To  ascertain  whether  HDAC  activity  could  play  a  role  in  repression 
of  ER  expression  more  generally,  the  dose  response  and  time  course 
studies  described  above  were  extended  to  other  ER-negative  human 
breast  cancer  cells  lines  with  methylated  ER  CpG  islands.  As  shown 
in  Fig.  1C,  TSA  treatment  led  to  re-expression  of  ER  mRNA  in  ail 
three  ER-negative  cell  lines  tested.  Optimal  ER  gene  re-expressiort 
was  observed  after  treatment  of  MDA-MB-231  cells  with  ICK)  ng/ml 
(330  nM),  Hs578t  cells  with  400  ng/ml  (1.32  /am),  and  MCF-7/Adi^ 
with  25  ng/ml  (82.5  nM)  TSA  for  48  h.  Therefore,  TSA  treatment 
consistently  induced  ER  re-expression  in  the  panel  of  ER-negative 
cell  lines,  supporting  a  role  for  HDAC  in  ER  gene  silencing. 

A  quantitative  competitive  PCR  assay  was  used  to  assess  the 
magnitude  of  TSA-induced  ER  mRNA  transcript  in  MDA-MB-231 
cells.  Fig.  2A  shows  the  design  of  the  primer  sets  used,  and  validation 
of  the  quantitative  competitive  PCR  is  shown  in  Fig.  2B.  As  shown  in 
Fig.  2C,  a  5-fold  increase  in  ER  transcript  was  obtained  after  TSA 
exposure  in  MDA-MB-231  cells  (100  ng/ml  for  48  h).  This  effect  was 
specific  for  the  methylated  ER  promoter  because  TSA  treatment  (50 
or  100  ng/ml  for  48  h)  of  ER-positive,  unmethylated  MCF-7  cells  had 
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Results  and  Discussion 

A  growing  body  of  data  demonstrates  the  importance  of  histone 
acetylation  and  deacetylation  and  corresponding  structural  alteration 
of  chromatin  in  gene  transcriptional  regulation  (7,  8,  10).  The  ER- 


Fig.  1.  Upper  panels:  A,  dose  response  of  TSA  on  ER  transcription  in  MDA-MB-231 
cells  analyzed  by  RT-PCR.  B,  time  course  of  TSA  (100  ng/ml)  on  re-expression  of  ER 
mRNA  for  48  h  in  MDA-MB-231  cells.  C,  RT-PCR  analysis  of  ER  mRNA  re-expression 
by  TSA  for  48  h  in  a  panel  of  known  ER-negative  breast  cancer  cell  lines.  The  ER-positive 
prototype,  MCF-7,  was  used  as  a  RT-PCR-positive  control.  Lower  panels:  ^-actin 
RT-PCR  product  provides  a  control  for  the  amount  of  intact  RNA  used  in  the  reactions. 
VC,  vehicle-treated;  231,  MDA-MB-231;  Hs5,  Hs578t;  Ac/r.  MCF-7/Adr. 
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Fig.  2.  Quantitative  competitive  PCR  analysis  of 
ER  expression  in  breast  cancer  cells.  A,  primer 
design.  As  shown  above,  the  competitive  sense 
primer  2  is  a  40-bp  oligonucleotide  that  harbors  a 
22-bp  deletion  in  the  middle  of  the  primer.  Its 
sequence  at  the  5'  end  is  the  same  as  the  wild-type 
sense  primer  /.  Thus,  primers  2  and  5  amplify  cER, 
but  wild-type  primer  pairs  1  and  3  amplify  both 
wER  and  cER.  Arrow  bars,  locations  of  sense  and 
antisense  primers.  wER,  wild-type  ER;  cER,  com¬ 
petitive  ER.  B,  validation  of  the  competitive  PCR. 
wER  and  cER  from  MCF-7  cells  were  amplified 
with  the  wild-type  primers  using  different  dilutions 
of  competitive  template  DNA.  The  cER  PCR  prod¬ 
uct  decreases  and  the  wER  PCR  product  increases 
when  decreasing  known  amounts  of  cER  and  a 
constant  but  unknown  amount  of  wER  cDNA  is 
used  for  PCR  (see  “Materials  and  Methods”).  The 
amount  of  wER  can  be  ascertained  frorh  the  titra¬ 
tion  curve  at  the  point  where  an  equal  amount  of 
cER  and  wER  is,  in  this  example,  between  100  and 
10  fg.  C,  using  this  quantitative  assay,  TSA  treat¬ 
ment  (100  ng/ml  for  48  h)  of  MDA-MB-231  cells 
induced  a  5-fold  increase  in  ER  transcript.  Equiv¬ 
alence  of  wER/cER  signal  was  seen  at  0.25  fg  cER 
for  TSA-treated  cells  and  0.05  fg  cER  for  control 
cells  (signal  ratio  of  wERxER  =  1  in  both  TSA- 
treated  and  control  cells;  see  ^Materials  and  Meth¬ 
ods”),  thus  demonstrating  a  5-fold  induction.  Using 
the  same  calculations  (signal  ratio  of  wERxER 
multiplied  by  amount  of  cER),  the  TSA-induced 
transcript  reached  about  1  and  10%  of  that  found  in 
ER-positive  MCF-7  and  T-47D  cells,  respectively. 
A  representative  example  of  four  experiments  that 
gave  similar  results  is  shown. 
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1.  wER  sense  primer :  5  ’-gcaccctgaagtctctggaa-3  ’ 

2.  cER  sense  primer:  5 ’-gcaccctgaagtctctggaatcctggacaagatcacagac-3 ’ 

3.  Anti-sense  primer:  5’-tggctaaagtggtgcatgat-3’ 
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no  effect  on  the  level  of  ER  mRNA  expression  using  the  same 
quantitative  assay  (data  not  shown).  However,  TSA  treatment  of 
MDA-MB-231  cells  did  not  restore  ER  mRNA  expression  to  the 
levels  seen  in  cell  lines  with  endogenous  ER  expression,  as  shown  in 
Fig.  2C.  Quantitative  assay  suggested  that  the  level  of  ER  transcript 
seen  with  TSA  treatment  of  MDA-MB-231  cells  represented  about  1 
and  10%  of  that  seen  in  the  ER-positive  MCF-7  and  T-47D  cell  lines, 
respectively.  Several  possibilities  might  account  for  this; 

(a)  It  is  possible  that  only  partial  reactivation  is  seen  because  only 
a  fraction  of  cells  responded  to  the  treatment.  Indeed,  a  similar  pattern 
of  partial  reactivation  was  seen  in  MDA-MB-231  cells  exposed  to  a 
demethylating  agent,  5-aza-dC,  in  our  previous  study  (6). 

(b)  It  has  been  shown  that  a  component  of  the  repression  mediated 
by  MeCP2  transcriptional  repression  domain  is  partially  HDAC  in¬ 
dependent;  mSin3A  could  retain  some  ability  to  repress  transcription, 
even  in  the  absence  of  associated  HDACs  (7). 

(c)  Simultaneous  inhibition  of  several  components  in  the  methyla- 
tion-associated  repressive  complexes  might  be  necessary  to  achieve 
maximal  reactivation  of  the  repressed  genes  (12). 

The  ability  of  TSA  to  reactivate  ER  expression  raised  the  question 
of  whether  the  ER  CpG  island  remained  methylated.  Our  previous 
studies  with  5-aza-dC  demonstrated  that  ER  re-expression  was  asso¬ 
ciated  with  demethylation  of  the  ER  CpG  island.  However,  a  parallel 
study  of  the  progesterone  receptor  in  progesterone  receptor-negative 
human  breast  cancer  cells  showed  that  the  ligand-bound  ER  could 
overcome  methylation-related  repression  of  the  progesterone  receptor, 
even  in  the  continuing  presence  of  a  methylated  progesterone  receptor 
CpG  island  (17).  We  therefore  examined  the  methylation  status  of  the 
ER  CpG  island  in  TSA-treated  MDA-MB-231  cells  using  a  sensitive 
MSP  assay  that  allowed  examination  of  methylation  status  across  the 
ER  CpG  island  (Fig.  3A).  As  shown  in  Fig.  3B,  the  ER  CpG  island  was 
completely  methylated  across  the  entire  CpG  island  in  MDA-MB-23 1 


cells  treated  with  vehicle  or  TSA  (100  ng/ml  for  48  h).  A  single  primer 
set,  ER  5,  was  used  to  confrnn  this  finding  in  the  other  TSA-treated, 
ER-negative  human  breast  cancer  cells,  Hs578t  and  MCF-7/Adi^ 
(Fig.  3Q.  As  expected,  the  unmethylated  ER-positive,  MCF-7  cells 
demonstrated  an  unmethylated  pattern  using  all  four  primer  sets  that 
span  the  ER  CpG  island.  In  summary,  TSA  treatment  of  ER-negative 
breast  cancer  cells  can  lead  to  re-expression  of  ER  mRNA  without  an 
apparent  alteration  in  the  methylation  status  of  the  ER  CpG  island. 

Because  acetylated  histones  are  generally  associated  with  transcrip¬ 
tionally  active  chromatin  whereas  deacetylated  histones  are  often 
found  in  conjunction  with  an  inactive  chromatin  state  (18),  we  next 
studied  whether  HDAC  inhibition  could  alter  chromatin  structure  at 
the  ER  gene  locus.  Because  nuclease  susceptibility  is  one  of  the 
characteristics  of  active  chromatin  (19),  we  used  a  DNase  I  sensitivity 
assay  to  examine  chromatin  conformation  of  the  ER  gene  in  ER- 
negative  MDA-MB-231  cells  in  the  presence  or  absence  of  the  HDAC 
inhibitor,  TSA.  Cells  were  treated  with  100  ng/ml  of  TSA  for  48  h,  a 
treatment  course  shown  previously  to  result  in  optimal  re-expression 
of  ER  mRNA.  Equal  amounts  of  purified  nuclei  from  control  and 
TSA-treated  MDA-MB-231  cells  were  exposed  to  increasing  concen¬ 
trations  of  DNase  I  as  described  in  “Materials  and  Methods.”  Nuclei 
isolated  from  ER-positive  MCF-7  cells  served  as  a  DNase  I  accessible 
control.  As  expected,  the  ER  locus  in  MCF-7  cells  was  a  highly 
DNase  I  sensitive  region,  whereas  the  ER  locus  in  control  MDA-MB- 
231  cells  was  relatively  resistant  to  DNase  I  digestion  (Fig.  4B).  TSA 
treatment  of  MDA-MB-23 1  cells  resulted  in  an  ~2-fold  increase  in 
DNase  I  sensitivity  (Fig.  4C),  suggesting  that  inhibition  of  HDAC 
activity  leads  to  a  more  open  chromatin  conformation,  even  in  the 
presence  of  CpG  island  methylation. 

Recently,  the  interaction  between  DNA  methylation  and  histone 
deacetylation  linked  by  methyl-binding  proteins  (MBDs),  or  the  direct 
interaction  of  Dnmtl  with  HDAC  as  well  as  other  corepressors,  has 
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Fig.  3.  MSP  analysis  for  the  ER  CpG  island  in 
TSA-treated  ER-negative  breast  cancer  cells.  A,  map  of 
ER  CpG  island  and  location  of  ER  MSP  primers.  B, 
MSP  analysis  of  ER  gene  CpG  island  in  TSA-treated 
MDA-MB-231  ceUs.  Both  control  (231)  and  TSA- 
treated  (231  TSA)  MDA-MB-231  cells  showed  evi¬ 
dence  of  ER  CpG  methylation  across  primer  sets  exam¬ 
ined.  DNA  from  the  ER-positive  MCF-7  cell  line  was 
used  as  an  unmethylated  control.  C,  MSP  analysis  of  ER 
gene  CpG  island  by  using  primer  set  ER  5  in  a  panel  of 
ER-negative  breast  cancer  cells.  Both  vehicle-  and 
TSA-treated  cell  pairs  (MDA-MB-231  C  and  TSA; 
Hs578t  C  and  TSA;  and  MCF-7/Adi^  C  and  TSA) 
showed  methylated  pattern,  whereas  ER-positive 
MCF-7  showed  unmethylated  pattern  (MCF  7).  Dis¬ 
tilled  water  instead  of  bisulfite-treated  genomic  DNA 
was  used  as  MSP-negative  control  (f/^O).  m,  methyl¬ 
ated  products;  u,  unmethylated  products. 
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Fig.  4.  Chromatin  conformation  at  ER  gene  locus  in  breast  cancer  cells  analyzed  by 
DNase  I  sensitivity  assay.  A,  map  of  the  ER  promoter  region  flanked  by  EcoRI  (£), 
showing  the  location  of  die  ER  CpG  island  in  the  region  and  probe  position.  B.  DNase  I 
digestion  profiles  with  the  indicated  concentrations  of  DNase  1  in  TSA-treated  (100  ng/ml 
for  48  h  i,23JTSA)  and  vehicle-treated  {23 IQ  MDA-MB-231  cells  are  shown.  A  highly 
DNase  1  sensitive  region  was  found  in  MCF-7  cells  {MCF7).  Presented  is  one  of  three 
experiments  that  showed  similar  results.  C  quantitative  analysis  of  DNase  I  sensitivity  at 
48  h  after  TSA  treatment  in  MDA-MB-231  cells.  The  concentration  of  DNase  1  was 
plotted  against  the  percentage  of  DNase  I  resistance.  Densitometric  analysis  demonstrated 
a  1.8-fold  increased  sensitivity  in  TSA-treated  (•,  231  TSA,  cumulative  DNase  I  sensi¬ 
tivity  of  135)  ver.vH.f  vehicle-treated  (♦,  23 1C,  cumulative  DNase  I  sensitivity  of  75) 
MDA-MB-23rcdls  (see  ‘‘Materials  and  Methods”). 


been  an  area  of  active  study.  More  recently,  a  nucleosome-stirnulated 
ATPase  Mi2,  a  part  of  chromatin  remodeling  machinery,  was  also 
shown  to  bind  the  methylated  DNA  through  MBD3  and  deacetylase  in 
Xenopus  laevis  and  mammalian  cells,  further  illustrating  the  role  of 
HD  AC  on  gene  transcription  regulation  (8).  In  addition  to  evaluating 
the  role  of  HD  AC  in  in  vitro  studies,  it  is  of  importance  to  study  its 
role  in  silencing  endogenous  methylated  genes.  In  some  cases,  HD  AC 
inhibition  alone  seems  to  be  sufficient  to  reactivate  a  methylated  gene. 
For  example,  both  sodium  butyrate  and  TSA  can  restore  transcription 
from  methylated  and  silenced  plant  rRNA  genes  (20).  Also,  reactiva¬ 
tion  of  transcription  of  the  methylated  FMRl  gene  was  achieved  by 
treatment  with  4-phenylbutyrate,  sodium  butyrate  or  TSA  (21).  How¬ 
ever,  in  other  cases,  both  demethylation  and  HD  AC  inhibition  appear 
to  be  necessary.  For  example,  certain  hypermethylated  genes  like 
MLHl,  TIMP3,  CDKN2B,  and  CDKN2A  can  be  transcriptionally 
activated  in  colon  cancer  cells  by  TSA  only  after  Dnmtl  inhibition  by 
5-aza-dC,  suggesting  an  important  role  of  Dnmtl  in  transcription 
repression  although  recruiting  HD  AC  is  essential  (12). 

ER  is  a  critical  growth-regulatory  gene  in  breast  cancer,  and  its 
expression  status  is  tightly  linked  to  the  prognosis  and  treatment 
outcome  of  breast  cancer  patients.  Thus,  it  is  important  to  under¬ 
stand  its  regulation.  Our  work  suggests  that  histone  deacetylation 
and  DNA  methylation  may  both  play  a  role  in  ER  transcription, 
and  further  studies  will  focus  on  the  effects  of  TSA  on  ER  protein 
expression.  This  is  critical  because  it  is  possible  that  activation  of 
the  silenced  ER  by  HDAC  inhibition  could  open  a  new  avenue  for 
management  of  a  subset  of  advanced  breast  cancer  with  hormonal 
resistance.  Studies  using  primary  breast  cancers  have  shown  that 
the  antiestrogen,  tamoxifen,  confers  a  benefit  to  women  whose 
breast  cancer  expresses  ER  by  immunohistochemistry  in  as  few  as 
1-10%  of  tumor  cells.  Thus,  even  partial  re-expression  of  ER  could 
be  of  clinical  benefit  (22). 
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Abstract 

Like  all  cancers,  breast  cancer  is  considered  to  result  in  part  from  the  accumulation  of  multiple  genetic 
alterations  leading  to  oncogene  overexpression  and  tumor  suppressor  loss.  More  recently,  the  role 
of  epigenetic  change  as  a  distinct  and  crucial  mechanism  to  silence  a  variety  of  methylated 
tissue-specific  and  imprinted  genes  has  emerged  in  many  cancer  types.  This  review  will  briefly 
discuss  basic  aspects  of  DNA  methylation,  recent  advances  In  DNA  methyltransferases,  the  role  of 
altered  chromatin  organization  and  the  concept  of  gene  transcriptional  regulation  built  on  methylated 
CpGs.  In  particular,  we  discuss  epigenetic  regulation  of  certain  critical  tumor  suppressor  and  growth 
regulatory  genes  implicated  in  breast  cancer,  and  its  relevance  to  breast  cancer  diagnosis,  prognosis, 
progression  and  therapy. 
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Introduction 

Cytosine  methylation  and  CpG  islands  In 
mammals 

In  vertebrate  genomes,  methylation  of  DNA  occurs  on 
cytosine  residues  of  the  CpG  dinucleotides  in  DNA  (Bird 
1980).  This  epigenetic  alteration  in  DNA  is  heritable  but  does 
not  alter  nucleotide  sequence,  in  contrast  to  genetic  changes 
(Feinberg  2001).  Thus,  unlike  genetic  changes,  epigenetic 
modifications  are  potentially  reversible  (Baylin  et  al.  2001). 
About  3-6%  of  cytosines  are  methylated  in  mammals. 
Approximately  70-80%  of  CpG  sites  in  the  human  genome 
are  methylated  (Vanyushin  et  al.  1970,  Antequera  &  Bird 
1993,  Bird  1995).  Cytosine  residues  in  newly  synthesized 
DNA  are  methylated  by  DNA-cytosine  methyltransferase-1 
(DNMTl)  (Bestor  1988,  Bestor  &  Verdine  1994).  This 
enzyme  transfers  a  methyl  group  from  the  methyl  donor, 
S-adenosylmethionine,  to  nascent  DNA  using  a 
hemimethylated  DNA  template  in  order  to  maintain  DNA 
methylation  patterns  during  cell  division  in  mammals.  CpG 
dinucleotides  are  not  randomly  distributed  throughout  the 
genome.  Rather  they  are  frequently  clustered  into  CpG 
islands,  regions  that  are  rich  in  CpG  sites.  These  islands 
extend  about  0.5-3  kb,  occur  on  average  every  100  kb  in  the 
genome  and  are  often  found  in  the  promoter  area  of  genes 
(Cross  &  Bird  1995).  Indeed,  approximately  half  of  all  genes 
in  the  human  (~45  000  genes)  contain  CpG  islands 
(Antequera  &  Bird  1993).  DNA  methylation  plays  a  role  in 


such  diverse  functions  as  gene  imprinting  (Fome  et  al.  1997, 
Reik  &  Walter  1998),  X-chromosome  inactivation  (Heard  & 
Avner  1994,  Heard  et  al  1997),  normal  development  (Li  et 
al.  1993,  Weiss  &  Cedar  1997),  repression  of  gene 
transcription  (Keshet  et  ai  1985,  Cedar  1988,  Chan  et  al. 
2000),  and  the  suppression  of  parasitic  DNA  sequences 
(Yoder  et  aL  1997).  It  is  believed  to  exercise  its  critical  role 
in  gene  expression  via  several  routes.  First,  methylation  of  a 
CpG  island  is  associated  with  loss  of  transcription  of  the 
target  gene.  Secondly,  5-methylcytosine  (5meC)  residues  are 
susceptible  to  deamination  to  thymine,  resulting  in  a 
transition  mutation  (Schmutte  &  Jones  1998).  Thirdly,  it  is 
possible  that  inappropriate  hypomethylation  could  be  linked 
to  dysregulated  gene  induction  (Muller  et  ah  2001). 


DNMTs 

To  date,  three  members  of  the  Dnmt  gene  family  have  been 
identified.  Direct  sequence  analysis  has  revealed  that  the 
Dnmt  gene  family  is  highly  conserved  among  eukaryotes, 
suggesting  a  central  role  of  these  proteins  for  development 
(Bestor  2000). 

DNMTl  is  the  best  known  and  studied  member  of  the 
DNMT  family.  It  is  primarily  a  maintenance  methylase,  that 
is,  it  reproduces  DNA  methylation  patterns  from 
hemimethylated  DNA  dtuing  cell  division  (Bestor  1988). 
However,  there  is  some  evidence  that  DNMTl  may  also  have 
de  novo  methylase  activity,  at  least  in  in  vitro  systems 
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(Laayoun  &  Smith  1995,  Pradhan  et  al  1997).  Dnmtl  gene 
knockout  mice  die  in  mid-gestation  with  reduced  levels  of 
DNA  methylation  (Li  et  al  1992),  disrupted  imprinting  and 
ectopic  X-chromosome  activation  (Li  et  al  1993),  indicating 
that  maintenance  of  DNA  methylation  is  pivotal  for 
development. 

The  human  DNMTJ  gene  is  located  at  human 
chromosome  19pl3.2  (Yen  et  al  1992)  and  encodes  a  200 
kDa  protein  whose  methyltransferase  catalytic  domain  is 
located  at  the  C-terminus  of  the  protein.  The  large  N-terminal 
portion  of  DNMTl  targets  to  replication  foci  through 
proliferating  cell  nuclear  antigen  (PCNA)  (Chuang  et  al 
1997).  Recent  studies  have  identified  new  functions  for  this 
domain.  First,  its  amino  acid  (653-730)  sequence  contains  a 
CXXC  motif  that  interacts  directly  with  histone  deacetyl ases 
(HDACs),  which  act  to  remove  acetyl  tails  from  histones  in 
the  nucleosome  to  generate  a  transcriptionally  inactive 
chromatin  structure  (Fuks  et  al  2000).  Secondly,  through  its 
first  120  amino  acids,  it  binds  to  a  transcriptional 
co-repressor,  DMAPl,  that  represses  transcription 
independent  of  HD  AC  activity  (Rountree  et  al.  2000).  Lastly, 
amino  acids  416-913  of  the  N-terminus  of  DNMTI  interact 
with  the  retinoblastoma  protein,  Rb  (Robertson  et  al  2000). 
Thus,  the  N-terminal  portion  of  DNMTI  alone  or  in 
collaboration  with  other  co-repressors  and  recruited  HDACs 
significantly  suppresses  transcription  in  vitro, 

A  large  body  of  data  demonstrates  that  DNMTI 
activity  is  elevated  in  neoplastic  cells  and  this  increased 
activity  is  associated  with  increased  cell  proliferation 
(El-Deiry  et  al  1991),  tumorigenesis  (De  Marzo  et  al. 
1999)  and  tumor  progression  (Issa  et  al  1993).  For 
example,  overexpression  of  DNMTI  can  transform 
NTH-3T3  mou.se  fibroblast  cells  (Wu  et  al  1993),  and 
inhibition  of  this  enzyme  by  antisense  constructs  can 
induce  global  DNA  demethylation  and  revert  the  malignant 
phenotype  (Ramchandani  et  al  1997).  In  addition, 
/<95-mediated  transformation  of  normal  fibroblasts  is 
associated  with  increased  DNMTI  expression  and  total 
methylation  content  in  the  genome  (Bakin  &  Curran 
1999).  Finally,  it  is  also  reported  that  elevation  of  DNMTI 
is  an  essential  component  of  transformation  induced  by 
SV40  large  T  antigen  via  the  Rb  pathway  (Slack  et  al 
1999). 

However,  increased  DNMTI  expression  is  apparently 
not  an  obligatory  feature  of  malignant  cells  (Eads  et  al 
1999).  Somatic  knockout  of  DNMTI  expression  in  human 
colon  cancer  cells  is  not  a  lethal  event.  Further,  total  genomic 
methylated  CpG  content  was  reduced  by  only  about  20%  and 
certain  gene-specific  CpG  island  methylation  patterns  were 
maintained  (Rhee  et  al  2000).  These  findings,  together  with 
the  observation  that  embryonic  stem  (ES)  cells  from  DNMTI 
knockout  mice  are  still  capable  of  de  novo  methylation, 
suggest  the  possible  existence  of  other  DNMTs  (Li  et  al 
1992,  Lei  et  al  1996). 


One  such  DNMT,  Dnmt2,  was  isolated  by  several  groups 
(Okano  et  al  1998).  However,  its  catalytic  domain  lacks 
DNMT  activity  in  the  human  and  it  is  not  discussed  further. 

Two  isoforms  of  the  DNMT3  enzyme  family,  de  novo 
DNMTs  3a  and  3b  (Dnmt3a  and  3b)  were  recently  isolated 
in  the  mouse  (Okano  et  al  1999).  They  methylate  CpG 
dinucleotides  of  unmethylated  and  hemimethylated  DNA  in 
vitro.  The  two  genes  are  expressed  at  high  levels  in  ES  cells 
and  relatively  low  levels  in  adult  somatic  tissues.  Human 
DNMTSa  has  been  mapped  to  chromosome  2p23  whereas 
DNMTSh  maps  to  chromosome  20qll.2  (Robertson  et  al 
1999,  Xie  et  al  1999). 

Disruption  of  both  Dnmt3a  and  Dnmt3b  in  mice  by  gene 
targeting  blocks  de  novo  methylation  in  ES  cells  and  early 
embryos,  but  has  no  effect  on  maintenance  of  an  imprinted 
methylation  pattern  (Okano  et  al  1999).  However, 
methylation  capability  is  retained  after  inactivation  of  either 
Dnmt3a  or  3b,  indicating  some  redundancy  in  the  function 
of  these  two  de  novo  methylases.  Dnmt3b  appears  to  be 
critical  for  the  methylation  of  a  particular  compartment  of 
the  genome;  loss  of  DNMT3b  catalytic  activity  by  gene 
mutation  in  the  syndrome  of  immunodeficiency,  centromeric 
instability  and  facial  anomalies  cau.ses  demethylation  of  only 
specific  families  of  repeated  sequences  and  CpG  islands  on 
the  inactive  X-chromosome  (Hansen  et  al  1999).  Human 
DNMT3a  is  ubiquitously  expressed  but  DNMT3b  is 
expressed  at  low  levels  except  in  testis,  thyroid  and  bone 
marrow.  Overexpression  of  both  DNMTSb  and  DNMTSa 
appears  to  characterize  multiple  types  of  human  tumors  (Xie 
et  al  1999).  Four  spliced  forms  of  DNMT3b  with  altered 
enzymatic  activity  were  expressed  in  a  tissue-specific  manner 
(Robertson  et  ol  1999).  Future  study  will  be  needed  to 
elucidate  the  possible  roles  of  DNMT3  family  members  in 
tumorigenesis,  de  novo  tissue-specific  gene  methylation  and 
transcriptional  regulation  in  somatic  tissues. 

Altered  CpG  Island  methylation,  chromatin 
organization  and  transcriptional  regulation 

Much  experimental  evidence  has  documented  the  association 
of  CpG  island  methylation  and  gene  transcriptional  inactivity 
but  only  recently  have  the  underlying  mechanisms  of 
transcriptional  silencing  by  methylation  been  partially 
clarified.  One  possible  mechanism  of  transcriptional 
repression  is  the  direct  interference  by  methylation  with  the 
binding  of  sequence-specific  transcription  factors,  such  as 
AP-2,  E2F  and  NFkB  to  DNA  (Hermann  &  Doerfler  1991). 
A  second  possibility  is  that  methylated  CpG  sequences 
recruit  transcriptional  co-repressors  like  mSin3A,  DMAPl, 
TSGlOl  or  Mi2,  thereby  contributing  to  transcriptional 
repression.  Finally,  chromatin  structure  is  emerging  as  an 
important  and  more  generalized  mechanism  to  silence  a 
variety  of  methylated  tissue-specific  and  imprinted  genes  by 
HDAC  family  members.  The  deacetylation  of  lysine  groups 
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of  histones  H3  and  H4  allows  ionic  interactions  between 
positively  charged  lysines  and  negatively  charged  DNA, 
resulting  in  a  more  compact  nucleosome  structure  that  limits 
gene  activity.  The  discovery  of  the  family  of 
methyl-CpG‘binding  proteins  provides  a  mechanistic  linkage 
between  DNA  methylation  and  histone  deacetylation  as 
mediators  of  gene  transcription.  To  date,  six  methyl- 
CpG-binding  proteins  including  MeCP2,  MBDl,  MBD2a, 
IV[BD2b  and  MBD3  have  been  identified  in  vertebrates  (Nan 
et  al  1998,  Wade  et  al  1998,  Ng  et  al.  1999,  2000,  Snape 
2000).  The  common  functional  features  for  these  proteins  are 
that  they  bind  to  methyl-CpGs  in  DNA  and  frequently 
associate  with  members  of  the  HDAC  family,  which 
currently  includes  eight  distinct  members  (Ng  &  Bird  2000). 
That  these  processes  might  collaborate  to  regulate  gene 
expression  is  demonstrated  by  a  recent  study,  showing  that 
multiple  hypermethylated  genes,  such  as  MLHl,  TIMP’3, 
CDKN2B  and  CDKN2A,  could  be  robustly  reactivated  by  a 
combination  of  DNMTl  and  HDAC  inhibition,  suggesting 
that  DNMTl  and  HDAC  are  both  essential  in  the  silencing 
process  in  these  colon  cancer  cells  (Cameron  et  al.  1999). 
The  above  observation  was  confirmed  by  a  very  recent  study 
that  the  known  DNA  methylation  machinery  protein, 
DNMTl  itself,  is  implicated  in  forming  transcriptionally 
repressive  complexes  with  HDAC  as  well  as  other 
co-repressors  (Rountree  et  al.  2000). 

DNA  methylation  patterns  in  normal  tissues 
and  cancer 

Cell  type  and  tissue-specific  methylation  patterns  are 
established  during  early  development,  in  part  through  the 
action  of  the  de  novo  Dnmt3a  and  3b  (Okano  et  al.  1999). 
The  sperm  genome  is  extensively  methylated  while  the 
oocyte  genome  is  not.  After  fertilization,  genes  are 
demethylated  and  then  remethylated  before  implantation.  As 
the  embryoblast  differentiates,  tissue-specific  genes  are 
demethylated  in  a  tissue-specific  fashion  while  housekeeping 
genes  remain  demethylated  from  fertilization  through 
organogenesis  (Bestor  1998). 

CpG  islands  are  generally  unmethylated  in  normal  adult 
tissues  with  the  exception  of  transcriptionally  silent  genes  on 
the  inactive  X-chromosome  and  imprinted  genes  like  the  HI 9 
gene  (Tremblay  et  al.  1995).  Conversely,  most  neoplastic 
tissues  demonstrate  whole  genomic  hypomethylation  and 
local  promoter  hypermethylation  in  certain  critical  tumor 
suppressor  and  growth  regulatory  genes  (Baylin  et  al.  1998). 
The  mechanism  responsible  for  this  type  of  pattern  remains 
largely  unclear.  It  is  believed  that  the  cell  cycle  checkpoint 
gem-,  pllWAFlfCIPl,  may  play  a  role  in  methylation 
regulation  (Baylin  et  al.  1998).  Since  p21  competes  with 
DNMTl  binding  to  PCNA,  loss  of  p21  function  may  increase 
DNMTl  at  replication  sites  (Chuang  et  al.  1997).  In  addition, 
mutation  of  another  cell  cycle  gene,  Rb,  may  play  a  role  as 


Rb  mutation  in  its  A/B  pocket  domain  might  disrupt  the 
function  of  the  transcriptionally  repressive  protein  complex 
that  involves  Rb,  DNMTl  and  HDAC.  Mistargedng  of 
DNMTl  could  then  result  (Robertson  et  al.  2000).  Together, 
these  observations  are  beginning  to  shed  light  on  the  paradox 
of  global  hypomethylation,  increased  CpG  island  hyper¬ 
methylation,  and  increased  DNMTl  activity  in  tumor  cells. 

DNA  methylation  and  genetic  instability 

DNA  methylation  changes  may  ultimately  lead  to  the  genetic 
instability  characteristic  of  cancer  in  several  ways.  First, 
5meCs  serve  as  sites  of  transition  mutations  by  the  hydrolytic 
deamination  of  5meC  to  thymine.  For  example,  such 
mutations  frequently  occur  in  the  well-known  p53  tumor 
suppressor  gene  (Magewu  &  Jones  1994).  Similar  point 
mutations  characterize  the  mutations  found  in  several  other 
important  genes  like  Rb,  and  c-H-ras-1  (Ghazi  et  al.  1990). 

Secondly,  epigenetic  inactivation  of  certain  critical  genes 
in  cancer  by  promoter  methylation  may  predispose  to  genetic 
instability  (Herman  &  Baylin  2000).  For  instance, 
methylation  of  MLHl,  a  gene  involved  in  mismatch  repair, 
precedes  the  MIN  +  phenotype  in  sporadic  colon,  gastric  and 
endometrial  cancers  (Esteller  et  al.  1999a).  Further,  there  is 
a  striking  correlation  between  mismatch  repair,  genetic 
instability  and  methylation  capacity  in  colon  cancer  cell 
models  (Lengauer  et  al.  1997,  1998).  In  addition,  promoter 
CpG  island  methylation  and  resulting  inactivation  of  the 
detoxifying  7C-class  glutathione  S-transferase  (GST)  can  lead 
to  accumulation  of  oxygen  radicals  and  subsequent  DNA 
damage.  The  resulting  adenine  or  guanine  mutations  are 
implicated  in  carcinogenesis  in  prostate,  breast  and  other 
tissues  (Lee  et  al.  1994,  Henderson  et  al.  1998,  Matsui  et  al. 
2000).  Further,  a  p53-inducible  gene,  14-3-3a  is  methylated 
and  inactivated  in  many  breast  cancers.  Loss  of  its  expression 
may  also  facilitate  the  accumulation  of  genetic  damages 
(Ferguson  et  al.  2000). 

Apart  from  regional  hypermethylation  of  some  critical 
tumor  suppressor  genes,  genome- wide  hypomethylation  is  an 
important  feature  in  cancer.  This  also  could  contribute  to 
genetic  instability  (Schmutte  &  Fishel  1999). 

Methylation  of  critical  tumor  suppressor 
and  growth  regulatory  genes  in  breast 
cancer 

A  large  body  of  evidence  has  demonstrated  that  CpG  island 
hypermethylation  is  implicated  in  loss  of  expression  of  a 
variety  of  critical  genes  in  breast  cancer.  Some  important 
genes  inactivated  by  methylation  in  breast  cancer  are 
summarized  in  Table  1  and  described  below.  They  fall  into 
several  broad  categories  including  cell  cycle  regulating, 
steroid  receptor,  tumor  susceptibility,  carcinogen 
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Table  1  Frequency  of  methylation  of  representative  tumor 
suppression  and  growth  regulatory  genes  In  breast  cancer. 


Gene 

Function 

Incidence 

{%) 

Reference 

pygfNK4a 

Cyclin-dependent 
kinase  inhibitor 

15 

Herman  et  al. 
(1995) 

t4—3—3G 

G2  checkpoint 

91 

Ferguson  et 
al.  (2000) 

ERa 

Steroid  receptor 

50 

Ottaviano  el 
al.  (1994) 

PR 

Steroid  receptor 

40 

Lapidus  et  al. 
(1996) 

RARP2 

Steroid  receptor 

25 

Sirchia  et  al. 

BRCA1 

DNA  damage 
repair 

15 

(2000) 

Dobrovic  & 

Simpfendorfer 

(1997) 

GSTP1 

Carcinogen 

detoxification 

30 

Esteller  et  al. 
(1998) 

E-cadheiin 

Epithelial  celi- 
cell  adhesion 

50 

Graff  et  al. 
(1995) 

TIMP-3 

Inhibition  of 

MMPs 

25 

Bachman  et 
al.  (1999) 

detoxification,  cell  adhesion  and  inhibitors  of  matrix 
metalloproteinases  (MMPs)  genes. 

Methylation  of  cell  cycle-related  genes  in 
breast  cancer 

p16/p16>^'<^VCDKN2A/MTS  methylation  and 
breast  cancer 

The  p}6  gene  is  located  on  chromosome  9p21.  It  encodes  a 
cyclin<dependent  kinase  inhibitor,  pi  that  regulates  the 
transition  from  GI-  to  S-phase  via  its  effect  on  Rb 
phosphorylation  (Liggett  &  Sidransky  1998).  The 
transcription  of  the  gene  can  yield  two  distinct 

transcripts  (a  or  p)  that  code  for  two  functionally  distinct 
proteins,  pl6*^^^  and  pl9^"^  These  two  transcripts  share 
identical  second  and  third  exons  but  have  distinct  first  exons 
(Sharpless  &  DePinho  1999).  Loss  of  plfi*^"^  resulting  from 
homozygous  deletion,  methylation  of  pi 6  promoter  or  point 
mutation  is  a  common  feature  of  many  cancers.  Methylation 
of  the  5  promoter  and  exon  1  regions  is  observed  in  both 
human  breast  cancer  cell  lines  (Table  2)  and  20-30%  of 
primary  breast  cancers  (Herman  et  al.  1995,  Woodcock  et  al. 
1999).  The  methylation  phenotype  is  associated  with  loss  of 
expression  at  both  mRNA  and  protein  levels  although  it  does 
not  correlate  with  some  important  clinical  parameters  in 
some  relatively  small  cohort  studies.  For  example,  a  study  of 
97  patients  with  breast  cancer  showed  no  association  between 
pi 6  methylation  and  overall  or  disease-free  survival  (Hui  et 
al.  2000). 

Finally,  the  stepwise  inactivation  of  cyclin  D-dependent 
kinase  inhibitor  pi in  human  mammary  epithelial  cells 


(HMEC)  is  associated  with  progressive  methylation  of  the 
pl6  promoter  CpG  island.  This  allows  HMECs  to  escape 
from  MO  proliferation  block,  thereby  identifying  CpG 
methylation  together  with  pl6  silencing  as  a  possible 
contributor  to  breast  tumorigenesis  (Foster  et  al.  1998). 

14~3-'3a  gene  inactivation  by  methylation 

The  14-3-3a  gene  (also  known  as  HMEJ),  is  localized  at 
chromosome  lp35,  and  is  a  member  of  a  gene  family 
responsible  for  instituting  the  G2  cell  cycle  checkpoint  in 
response  to  DNA  damage  in  human  (Chan  et  al.  1999). 
Normally  expression  of  0  is  induced  in  response  to  DNA 
damage,  and  it  causes  cells  to  arrest  in  Gj.  However,  0 
protein  expression  was  downregulated  in  a  significant 
fraction  of  primary  bladder,  colon  and  breast  tumors  (Celis 
et  al.  1999).  Studies  of  the  molecular  mechani.sms 
responsible  for  the  reduced  expression  have  implicated 
hypermethylation  of  the  CpG-rich  exon  1  region  of  the  gene, 
instead  of  genetic  alterations  such  as  loss  of  heterozygosity 
(LOH)  and  intragenic  mutations  in  breast  cancer  (Ferguson 
et  al.  2000).  DNA  from  HMECs,  immortal  MCF-lOA  and 
HBLIOO  cells  and  two  breast  cancer  cell  lines,  MCF-7  and 
MDA-MB-231,  were  unmethylated  at  the  0  locus.  In 
contrast,  Hs578t  and  MDA-MB-435  cells  were  fully 
methylated  as  demonstrated  by  bisulfite  genomic  sequencing 
and  methylation  specific  PCR  (MSP)  analyses.  The  use  of 
5-aza-2'-deoxycytidine  (5-aza-dC)  to  treat  the  methylated 
non-expressing  lines  in  vitro  led  to  induction  of  transcription, 
further  supporting  the  role  of  CpG  island  methylation  in  its 
repression.  In  addition,  six  DNA  samples  from 
microdissected  norma]  mammary  epithelial  cells 
demonstrated  an  unmethylated  pattern  while  32  samples  from 
microdissected  breast  carcinomas  were  methylated.  Together, 
these  cell  line-  and  tissue-based  studies  support  a  role  for 
methylation  in  the  loss  of  14-3-30  expression  in  breast 
cancer. 

Methylation  of  steroid  receptor  genes  In 
breast  cancer 

The  methylation  of  three  members  of  the  steroid  hormone 
superfamily  has  been  extensively  studied  in  breast  cancer 
models.  These  include  estrogen  receptor  (ER)  a,  progesterone 
receptor  (PR)  and  retinoic  acid  receptor-P  (RARP). 

ERa  methylation  and  hormone  resistance 

Steroid  hormones,  particularly  estrogen,  have  long  been 
linked  to  mammary  carcinogenesis  (Fishman  et  al.  1995). 
The  role  of  estrogen  and  its  catechol  metabolite  in  breast 
cancer  initiation  and  promotion  is  a  continuing  area  of 
controversy  (Yager  2000).  That  I7P-estradiol  stimulates  the 
growth  of  certain  breast  cancers  via  functional  ER  is  well 
recognized,  and  endocrine  therapy  is  an  established  and 
important  part  of  breast  cancer  management  (Ruiz-Cabello  et 
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ai  1995,  Davidson  2000).  The  presence  of  ER  in  breast 
tumors  is  a  predictive  marker  for  response  to  hormone 
therapy.  However,  up  to  one-third  of  breast  carcinomas  lack 
ER  at  the  time  of  diagnosis  and  a  proportion  of  cancers  that 
are  initially  ER-positive  lose  ER  during  tumor  progression 
(Hortobagyi  1998).  Genetic  alterations,  such  as  homozygous 
deletion,  LOH  or  ER  gene  mutation  have  not  been  reported 
to  play  a  major  role  in  loss  of  ER  expression. 

However,  recent  studies  have  shown  that  epigenetic 
alteration  appears  to  play  a  role  in  inactivation  of  the  gene 
(Ottaviano  et  al  1994).  The  ER  gene,  located  at  chromosome 
6q25.1,  has  a  CpG  island  in  its  promoter  and  first  exon 
regions.  As  demonstrated  by  Southern  and 
methylation-specific  PCR  analyses,  the  ER  CpG  island  is 
unmethylated  in  normal  breast  tissue  and  ER-positive  tumor 
cell  lines,  such  as  MCF-7,  T47-D  and  ZR75-1;  it  is 
methylated  in  ~50%  of  unselected  primary  breast  cancers 
and  most  ER-negative  cancer  cell  lines,  e.g,  MDA-MB-231, 
MDA-MB-435,  MDA-MB-468,  Hs578t  and  MCF-7/Adr 
(Table  2)  (Lapidus  et  al  1998).  The  ER  CpG  island 
methylation  is  associated  with  reduced  or  absent  ER  mRNA 
expression.  The  use  of  the  methyltransferase  inhibitors 
5-aza-cytidine  (5-aza-C)  and  5-aza-dC,  led  to  partial 
demethylation  and  restoration  of  ER  mRNA  expression,  and 
synthesis  of  functional  ER  protein  (Ferguson  et  al  1995). 
Restored  ER  function  was  documented  by  eliciting  estrogen 
response  element-driven  promoter  activity  from  an 
exogenous  plasmid  as  well  as  expression  of  the 
ER-responsive  gene,  PR. 

In  order  to  study  de  novo  ER  gene  methylation  in  vitro, 
DNMTl  activity  levels  were  measured  in  a  panel  of  breast 
cancer  cell  lines.  Expression  of  DNMTl  at  both  RNA  and 
protein  levels  in  ER-negative  breast  cancer  cell  lines  is 
significantly  elevated  in  ER-negative  breast  cancer  cell  lines 
compared  with  their  ER-positive  counterparts  (Ottaviano  et 
al  1994).  Detailed  studies  showed  that  DNMTl  expression 
was  tightly  correlated  with  S-phase  fraction  in  ER-positive 
cells,  while  ER-negative  cells  expressed  DNMTl  throughout 
the  cell  cycle,  suggesting  its  expression  is  dysregulated  in 


ER-negative  breast  cancer  cells  (Nass  et  al  1999).  The  data 
also  showed  that  DNMTl  and  p21  expression  are  inversely 
correlated  in  the  breast  cancer  cell  lines  examined.  Studies 
using  DNMTl  antisense  constructs  showed  that  decreased 
expression  of  DNMTl  protein  is  linked  to  increased  p21 
protein  expression.  Since  p21  competes  with  DNMTl  for 
targeting  to  PCNA,  the  increased  p21  may  lead  to  inhibition 
of  DNA  replication  and  methylation  in  these  tumor  cells 
(Chuang  et  al  1997). 

A  related  question  is  whether  an  inactive  chromatin 
structure  mediated  by  HDAC  is  involved  in  ER  gene 
silencing.  In  fact,  inhibition  of  HDAC  by  HDAC  inhibitor 
(A,  trichostatin  TSA)  induced  ER  transcript  by  5-fold  in  a 
panel  of  well-characterized  ER-negative  MDA-MB  231, 
Hs578t  and  MCF-7/Adr  cell  lines.  This  transcriptional 
reactivation  was  associated  with  increased  sensitivity  to 
DNasel  at  the  ER  locus  without  alteration  of  the  methylated 
CpG  sites,  suggesting  that  open  chromatin  structure  is 
associated  with  ER  expression  even  in  the  presence  of  ER 
CpG  island  methylation  (Yang  et  al  2000).  Our  findings 
identified  a  role  for  both  DNA  methylation  and  histone 
acetylation  in  the  regulation  of  ER  gene  transcription. 

PR  gene  methylation 

The  PR  gene,  located  at  chromosome  llql3,  also  has  a  CpG 
island  in  its  first  exon  (Lapidus  et  al.  1996).  The  PR  gene 
encodes  two  isoforms,  IiPRa  (79  kDa)  and  hPRe  (109  kDa), 
which  differ  in  both  their  N-terminal  sequences  and 
biological  activities.  The  hPRe  transcript  is  preferentially 
induced  by  ER  while  the  IiPRa  is  not.  Since  ligand-bound 
ER  is  a  major  transcriptional  activator  of  hPRs  gene 
expression,  the  presence  of  PR  is  indicative  of  functional  ER. 
PR  gene  methylation  has  been  demonstrated  by  Southern 
analysis  in  --40%  of  PR-negative  breast  tumors  and  several 
PR-negative  breast  cancer  cell  lines  (Table  2).  A  possible 
functional  role  for  PR  CpG  island  methylation  is  suggested 
by  the  observation  that  treatment  of  PR-negative 
MDA-MB-231  cells  with  5-aza-dC  in  the  presence  of 
estrogen  led  to  partial  demethylation  of  the  PR  CpG  island 
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and  re-expression  of  PR  gene.  Co-treatment  with  both 
5-aza-dC  and  a  pure  anti -estrogen,  ICI  182,780,  prevented 
PR  reactivation,  suggesting  that  demethylation  alone  is  not 
sufficient  to  reactivate  PR  expression.  Rather  it  appears  that 
ER-mediated  chromatin  remodeling  is  essential  and  sufficient 
to  activate  PR  gene  expression  even  in  the  presence  of  a 
methylated  PR  CpG  island  (Ferguson  et  al.  1998). 

RARj32  gene  methylation 

RARa,  -p  and  -y  and  retinoid  X  receptors-a,  -p  and  -y  are 
also  members  of  the  nuclear  receptor  superfamily 
(Minucci  &  Pelicci  1999).  All  six  of  these  receptors  are 
ligand-activated  transcription  factors  (Chambon  1996).  The 
RARP  gene,  located  at  chromosome  3p24,  appears  to  play  an 
important  role  in  limiting  the  growth  of  certain  tumor  types, 
including  breast,  lung  and  others,  RARp2  expression  is  often 
reduced  or  lost  in  breast  cancer  cells  and  they  become 
resistant  to  induction  by  all-trans-retinoic  acid  (ATRA) 
(Swisshelm  et  ai  1994,  Jing  et  al  1996,  Widschwendter  et 
al  1997).  DNA  methylation  of  the  RARB  promoter  is 
believed  to  be  one  of  the  factors  linked  to  RARP2 
downregulation  in  breast  cancer  (Widschwendter  et  al 
2000).  RARp  promoter  methylation  has  been  demonstrated 
by  Southern  and  methylation-specific  PCR  analyses  in 
several  RARp2-negative  human  breast  cancer  cell  lines  and 
about  one-third  of  unselected  primary  breast  cancer 
specimens  (Sirchia  et  al  2000).  It  is  not  observed  in  normal 
breast  tissue  or  HMECs.  There  is  no  apparent  correlation 
with  ER  status.  As  with  other  methylated  genes,  treatment  of 
RARP2-negative  cell  lines  with  5-aza-dC  can  partially 
re-induce  RARp2  transcripts.  Of  note,  the  HDAC  inhibitor 
TSA  can  also  reactivate  RARp2  expression  in  the  presence 
of  a  methylated  promoter,  implicating  inactive  chromatin 
conformation  as  another  possible  regulatory  process. 

GSTP1  inactivation  by  methylation  and  its 
predisposition  to  genetic  instability 

Glutathione  (GSH)  and  its  corresponding  cytosolic  GSTs  are 
involved  in  the  detoxification  pathway  of  xenobiotics  and 
chemotherapeutic  agents  (Daniel  1993).  They  catalyze 
intracellular  detoxification  reactions  by  conjugating 
chemically  reactive  electrophiles  to  GSH,  inactivating 
electrophilic  carcinogens  (Mannervik  et  al.  1985).  The  GSTs, 
encoded  by  several  different  genes  at  different  loci,  have 
been  classified  into  a,  p,  rt  and  0  families.  The  rr-class  GST, 
encoded  by  the  GSTPJ  gene,  on  chromosome  11,  is  of 
particular  importance  in  breast  cancer  (Cairns  et  al  1992, 
Gilbert  et  al.  1993).  In  cultured  breast  cancer  cell  lines  an 
inverse  relationship  between  GSTPl  and  ER  gene  expression 
has  been  reported,  i.e.  GSTPl  was  expressed  in  ER-negative 
but  not  in  ER-positive  lines  (Table  2)  although  the 
underlying  mechanism  is  unclear  (Jhaveri  &  Morrow  1998). 
Treatment  of  the  GSTPl -negative  cell  line  MCF-7  with 


5-aza-dC  could  induce  mRNA  expression  and  de  novo 
synthesis  of  7t-class  protein.  MSP-based  studies  of  human 
tissues  demonstrated  that  GSTPl  promoter  methylation  is 
associated  with  gene  inactivation  in  about  30%  of  primary 
breast  carcinomas  (Esteller  et  al  1998).  The  detection  of 
GSTPl  methylation  correlates  with  PR  expression  but  there 
was  no  correlation  with  other  clinical  parameters  such  as  the 
age  at  onset,  histological  type  and  grade,  tumor  size,  nodal 
metastasis,  DNA  ploidy  or  ER  status  (Esteller  et  al.  1998). 
It  is  postulated  that  methylation-associated  inactivation  of 
GSTP 1  can  result  in  adenine  or  guanine  mutation  by  estrogen 
metabolites-DNA  adduct  formation  and  lead  to  genetic 
instability  (Cavalieri  et  al  1997). 

BRCA1  methylation  in  sporadic  breast  cancer 

The  BRCAl  gene,  located  at  chromosome  17q21,  is  a 
well-known  breast  cancer  susceptibility  gene  (Miki  et  al 
1994).  Inhibition  of  BRCAl  expression  through  antisense 
oligonucleotides  increases  the  proliferation  of  normal  and 
malignant  mammary  cells  while  overexpression  of  wild-type 
BRCAl  suppresses  MCF-7  breast  cancer  cell  tumorigenesis 
in  mice.  Inherited  mutations  in  the  BRCAl  gene  account  for 
one-half  of  inherited  breast  carcinomas  (Friedman  et  al 
1994).  However,  in  contrast  to  other  tumor  suppressor  genes, 
somatic  mutations  in  this  gene  have  not  been  reported, 
despite  the  high  degree  of  LOH  at  the  BRCAl  locus  in 
sporadic  breast  and  ovarian  cancer  (Merajver  et  al  1995). 
Since  BRCAl  transcript  and  protein  are  either  absent  or 
reduced  in  sporadic  breast  cancer,  DNA  methylation  has 
been  proposed  as  an  alternative  mechanism  to  inactivate 
BRCAl  (Dobrovic  &  Simpfendorfer  1997,  Magdinier  et  al. 
2000).  By  Southern  analysis  of  the  BRCAl  promoter  region, 
methylation  was  detected  in  11%  of  sporadic  breast  cancer 
cases  and  was  inversely  correlated  with  expression  of  both 
ER  and  PR  (Catteau  et  al.  1999).  A  study  with  194  primar>' 
breast  carcinomas  demonstrated  that  the  BRCAl  promoter  is 
methylated  in  13%  of  unselected  primary  breast  tumors 
(Esteller  et  al  2000/?).  BRCAl  methylation  was  especially 
associated  with  medullary  and  mucinous  subtypes.  As 
expected,  BRCAl  was  unmethylated  in  all  normal  tissues 
examined  as  well  as  in  21  breast  cancer  cell  lines  (Table  2). 
The  methylation  was  present  in  two  breast  cancer  xenografts 
with  concomitant  loss  of  gene  transcript.  In  this  study  one 
allele  is  lost  by  LOH  and  the  other  is  inactivated  by  aberrant 
methylation,  thereby  resulting  in  biallelic  inactivation  and 
loss  of  functional  BRCAl  gene  product.  Finally,  BRCAl 
methylation  is  only  observed  in  breast  and  ovary  cancers  but 
not  in  tumors  of  colon  or  liver  or  leukemia,  supporting  a 
tissue-specific  event  for  the  process.  Using  chromatin 
immunoprecipitation  and  endonuclease  chromatin 
accessibility  assays,  transcriptional  repression  of  BRCAl  by 
cytosine  methylation  is  also  mechanistically  linked  to  histone 
deactylation  and  inactive  chromatin  structure. 
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E-cadherin  gene  methylation  and  breast 
tumor  progression 

The  E-cadherin  gene,  located  at  chromosome  16q22.1, 
encodes  a  cell-surface  adhesion  protein  that  is  important  in 
maintaining  homophilic  cell-cell  adhesion  in  epithelial 
tissues  (Hyas  &  Tomlinson  1997).  Considerable  evidence 
shows  that  loss  of  expression  and  function  of  E-cadherin 
protein  contributes  to  increased  proliferation,  invasion  and 
metastasis  in  breast  cancer  (Oka  et  al  1992).  Classical 
mutations  and  deletions  clearly  play  a  role  in  loss  of  the 
E-cadherin  expression  and  function  (Cleton- Jansen  et  al 
1994,  Risinger  et  al  1994).  However,  several  studies 
demonstrate  that  epigenetic  silencing  of  the  E-cadherin  gene 
by  5'CpG  methylation  occurs  in  some  human  breast  cancer 
cell  lines  (Table  2)  as  well  as  about  50%  of  unselected 
primary  breast  cancers  (Graff  et  al  1995,  Hiraguri  et  al 

1998) ,  Its  loss  of  expression  is  associated  with  tumor 
metastatic  progression  and  decreased  patient  survival 
(Bringuier  et  al  1993).  Our  recent  work  demonstrated  that 
hypermethylation  of  the  E-cadherin  CpG  island  was  evident 
in  about  30%  of  ductal  carcinomas  in  situ  and  increased 
significantly  to  nearly  60%  of  metastatic  lesions  (Nass  et  al 
2000),  suggesting  a  role  for  this  process  in  tumor 
progression. 

Methylation  and  inactivation  of  TIMP-3  gene 

TIMP-3  belongs  to  a  family  of  molecules  that  inhibit  the 
proteolytic  activity  of  the  MMPs  (Gomez  et  al  1997,  1999). 
This  protein  can  suppress  primary  tumor  growth  via  its 
effects  on  tumor  development,  angiogenesis,  invasion  and 
metastasis  (Uria  et  al  1994).  Methylation  of  its  5'CpG  island 
has  been  associated  with  the  loss  of  TIMP-3  expression  at 
both  transcript  and  protein  levels  in  several  tumor  types 
(Bachman  et  al  1999).  The  TIMP-3  promoter  region  is 
methylated  in  --30%  of  human  breast  cancer  cell  lines  as 
well  as  —30%  of  primary  breast  tumors  (Bachman  et  al 

1999) .  TIMP-3  gene  methylation  has  been  associated  with 
its  loss  of  expression  as  its  expression  could  be  restored  by 
5-aza-dC  treatment,  again  supporting  a  role  for  epigenetic 
mechanism  in  TIMP-3  gene  regulation. 

Clinical  Implications  of  epigenetic 
regulation  in  breast  cancer 

Recognition  of  the  important  roles  that  DNA  methylation  and 
histone  deacetylation  play  in  gene  expression  in  malignancy 
including  breast  cancer  has  led  to  consideration  of  how  these 
findings  can  be  exploited  clinically.  Two  areas  for 
exploration  are  the  use  of  methylated  markers  for  detection 
and  prognosis,  and  the  application  of  DNMT  and  HDAC 
inhibitors  therapeutically  to  re-express  silenced  tumor 
suppressor  and  growth  inhibitory  genes. 


Methylated  markers  for  detection  and 
prognosis 

One  of  the  tenets  of  epigenetic  regulation  is  that  CpG  islands 
are  generally  unmethylated  in  normal  adult  tissues  with  rare 
exceptions.  In  contrast,  as  noted  earlier,  hypermethylation  of 
various  gene  promoters  is  a  common  feature  of  malignant 
cells  and  these  changes  can  occur  early  in  the  progression 
process.  For  example,  about  one-third  of  ductal  carcinoma  in 
situ  lesions  demonstrated  methylation  of  the  E-cadherin  or 
ER  promoter  CpG  islands  (Nass  et  al  2000).  The  availability 
of  PCR-based  strategies  to  assess  methylation  changes  in 
minute  quantities  of  biological  materials  raises  the  possibility 
that  identification  of  methylated  alleles  might  serve  as  a 
means  of  molecular  risk  assessment  or  detection  (Herman  et 
al  1996).  Indeed  the  ability  to  detect  methylated  genes  in 
serum,  urine,  bronchoalveolar  lavage  fluid  and  lymph  nodes 
derived  from  individuals  with  various  types  of  malignancies 
has  been  described  (Esteller  et  al  1999b).  In  some  cases 
methylated  changes  were  also  detected  in  samples  banked 
well  before  the  diagnosis  of  malignancy,  raising  the 
possibility  that  this  type  of  analysis  could  facilitate  risk 
assessment  or  early  diagnosis  strategies.  One  potential 
application  in  breast  cancer  would  be  the  assessment  of 
methylated  markers  using  nipple  duct  lavage  fluids  or  fine 
needle  aspirates  of  the  breast,  as  it  could  be  hypothesized 
that  their  presence  would  predict  a  higher  likelihood  of 
subsequent  breast  cancer  development.  Other  applications 
could  include  molecular  staging  of  sentinel  lymph  nodes  or 
bone  marrow  aspirates.  Such  studies  will  first  require  the 
development  of  a  panel  of  methylated  markers  that  would 
together  identify  virtually  all  breast  cancers  but  that  are 
unmethylated  in  normal  tissues  (Evron  et  al  2001). 

Finally,  another  possible  clinical  application  for 
gene-specific  methylation  is  prediction  of  prognosis  or 
treatment  outcome  in  certain  cancers  (Weinstein  2000).  For 
example,  the  DNA-repair  enzyme  0^-methylguanine-DNA 
methyltransferase  (MGMT)  inhibits  the  ability  of  alkylating 
agents  to  kill  tumor  cells;  loss  of  its  expression  by 
methylation  might  be  expected  to  sensitize  tumor  cells  to  this 
class  of  agents.  Indeed,  methylation  of  MGMT  is  correlated 
with  increased  overall  and  disease-free  survival  and 
improved  response  to  the  alkylating  agent  carmustine  in 
glioblastoma  patients  (Esteller  et  al  2000a).  Therefore, 
MGMT  promoter  methylation  is  a  marker  of  good  prognosis 
and  predicts  response  to  chemotherapy  for  glioblastoma 
patients. 

DNMT  and  HDAC  inhibitors  for  therapy  of 
breast  cancer 

Although  heritable,  epigenetic  changes  are  potentially 
reversible.  Therefore,  the  prospect  of  intervening  to  reverse 
these  changes  as  a  possible  means  of  reverting  the  malignant 
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phenotype  is  an  attractive  one.  The  availability  of  DNMT 
and  HDAC  inhibitors  makes  this  a  testable  strategy. 

DNMT  inhibitors 

The  classic  DNMT  inhibitors,  5-aza-C  and  5-aza-dC  arc 
cytosine  analogs  that  are  incorporated  into  replicating  DNA 
(Jones  &  Taylor  1980,  Jones  1985).  The  subsequent 
formation  of  covalent  adducts  between  DNMT  and 
5-aza-C-substituted  DNA  irreversibly  inactivates  DNMT 
(Santi  €t  aJ.  1984,  Ferguson  ei  ai  1997).  One  potential 
consequence  then  is  the  reactivation  of  previously  methylated 
genes  that  have  been  transcriptionally  silent.  These  analogs 
have  been  used  clinically  for  treatment  of  patients  with 
hemoglobinapathies,  myelodysplasia  and  leukemia  (Rivard  et 
al.  1981,  Ley  er  al.  1983).  The  clinical  benefit  observed  has 
been  associated  with  reactivation  of  previously  silenced 
genes  as,  for  example,  the  observation  that  5-aza-treated 
sickle  cell  patients  have  improved  hemoglobin  and  increased 
fetal  hemoglobin  (Nienhuis  et  al.  1985).  Such  strategies 
could  potentially  be  applied  to  epithelial  malignancies  as 
well  For  example,  a  gene  microarray  analysis  of  the  effect 
of  5-aza-dC  on  HT29  colon  cancer  cells  identified  members 
of  the  interferon  (IFN)  response  pathway  as  re-expressed 
genes  (Karpf  et  al.  1999).  Follow-up  studies  showed  that 
5-aza-dC  treatment  of  these  cells  in  vitro  sensitized  them  to 
growth  inhibition  by  exogenous  IFN-a2a.  Thus  unmasking 
of  new  therapeutic  targets  may  be  enhanced. 

The  elevated  level  of  DNMT  activity  in  cancer  has  also 
prompted  development  of  more  specific  agents  like  antisense 
oligonucleotides  to  DNMTI.  In  vitro  studies  have  shown  that 
antisense  treatment  of  human  T24  bladder  cancer  cells  and 
A549  non-small  lung  carcinoma  cells  can  cause  reduced 
DNMTI  levels,  demethylation  of  the  gene  promoter, 

re-expression  of  protein,  accumulation  of  the 

hypophosphorylated  form  of  the  Rb  protein,  increase  in 
p2|WAF/cipj^  and  cell  growth  arrest  (Foumel  et  al.  1999).  Thus, 
this  specific  targeting  of  DNMTI  can  activate  silent  tumor 
suppressors. 

HDAC  inhibitors 

Several  structural  classes  of  HDAC  inhibitors  have  been 
identified.  Phenyl  butyrate,  a  short  chain  fatty  acid  that 
inhibits  HDAC  at  millimolar  concentrations  and  is  approved 
for  clinical  use  by  the  US  Food  and  Drugs  Administration 
(FDA),  is  an  example  of  the  first  class  (Carducci  et  al.  1996). 
The  second  class  includes  the  hydroxamic  acids,  trichostatin 
A  (Yoshida  et  al.  1990)  and  suberoylanalide  hydroxamic  acid 
(SAHA)  (Richon  et  al.  1998).  Nanomolar  concentrations  of 
TSA  have  been  used  widely  in  in  vitro  systems  to  inhibit 
HDAC  activity  and  modify  gene  transcription.  SAHA  is  also 
active  in  in  vitro  models  at  micromolar  concentrations.  It 
induces  terminal  cell  differentiation  with  milk  protein 
synthesis  in  MCF-7  cells  (Richon  et  ai  1998).  Further,  its 
administration  reduced  the  incidence  of  N-methyl- 


nitrosourea-induced  mammary  carcinoma  in  rats  without 
apparent  toxicity  (Desai  et  al.  1999).  Phase  I  trials  of  SAHA 
are  in  progress  (Marks  et  ai  2000).  The  third  class  of  HDAC 
inhibitor,  benzamide  derivatives  like  MS-27-275,  also 
showed  marked  activity  against  human  tumor  xenografts  in 
mice  (Saito  et  ai  1999).  The  fourth  class  includes  cyclic 
tetrapeptides  containing  a  2-amino-8-oxo-9,10-cpoxy- 
decanoyl  (AOE)  moiety  such  as  trapoxin  A  (Kijima  et  ai 
1993),  while  FR  901228  and  apicidin  are  representative  of 
the  fifth  class  of  cyclic  peptides  that  lack  an  AOE  moiety 
(Nakajima  et  ai  1998). 

Combination  strategies 

Combined  therapies  may  ultimately  offer  the  best 
antineoplastic  approach.  If  successful,  such  strategics  could 
utilize  agents  that  alone  are  ineffective  but  together  result 
in  the  desired  biological  outcome.  For  example,  sequential 
treatment  of  colon  cancer  cells  with  a  demethylating  agent 
followed  by  an  HDAC  inhibitor  led  to  reactivation  of 
multiple  target  genes  whose  expression  was  not  affected  by 
either  agent  alone  (Cameron  et  ai  1999).  Our  own  studies 
show  that  combined  therapy  of  MDA-MB-231  cells  with 
5-aza  followed  by  TSA  results  in  re-expression  of  ER  at 
lower  doses  than  those  needed  with  either  single  agent  (Yang 
et  ai  2001).  Thus,  it  may  be  possible  to  use  lower  doses  or 
shorter  exposure  durations  to  achieve  the  appropriate 
molecular  effects,  thereby  increasing  therapeutic  effects, 
minimizing  toxicity  and  improving  ease  of  administration. 

Alternatively,  use  of  an  ‘epigenetic  modifier’  may 
enhance  the  response  to  another  type  of  agent.  The  use  of 
5-aza  and  IFN  in  colon  cancer  cells  was  mentioned  above.  A 
human  proof  of  principle  for  this  general  strategy  is  seen  in 
the  report  of  a  patient  with  acute  promyelocyiic  leukemia 
resistant  to  ATRA  who  developed  a  sustained  remission  after 
concomitant  treatment  with  phenylbutyrate  and  ATRA 
(Warrell  et  ai  1998). 


Conclusions 

Taken  together,  substantial  evidence  demonstrates  the 
importance  of  epigenetic  mechanisms  in  the  transcriptional 
regulation  of  critical  tumor  suppressor  and  growth  regulatory 
genes  in  breast  cancer.  These  genes  include  those  that  play 
crucial  roles  in  DNA  repair,  cell  cycle  regulation,  cell  growth 
and  cell-Hcell  adhesion.  These  changes,  along  with  the 
intrinsic  ability  of  5meC  to  function  as  a  mutagen  and  the 
negative  effects  of  dysregulated  DNMTI  activity,  can  all 
contribute  to  breast  cancer  tumorigenesis  and/or  progression. 
A  better  understanding  of  epigenetic  regulation  of  gene 
expression  in  a  gene-specific  and  tissue-specific  fashion  will 
help  efforts  to  modulate  gene  expression  selectively  with  the 
ultimate  goal  of  improved  breast  cancer  prevention  and 
therapy. 
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Role  of  DNA  Methylation  and  Histone  Acetylation 
in  Steroid  Receptor  Expression  in  Breast  Cancer^’^ 

Lan  Yan,^  Xiaowei  Yang,^  and  Nancy  E.  Davidson^’^ 


DNA  methylation  is  an  epigenetic  modification  that  is  associated  with  transcriptional  silenc« 
ing  of  gene  expression  in  mammalian  cells.  Hypermethylation  of  the  promoter  CpG  islands 
contributes  to  the  loss  of  gene  function  of  several  tumor  related  genes,  including  estrogen 
receptor  a  (ER)  and  progesterone  receptor  (PR).  Gene  expression  patterns  are  also  heavily 
influenced  by  changes  in  chromatin  structure  during  transcription-  Indeed  both  the  predomi¬ 
nant  mammalian  DNA  methyltransferase  (DNMTl),  and  the  histone  deacetylases  (HDACs) 
play  crucial  roles  in  maintaining  transcriptionally  repressive  chromatin  by  forming  suppressive 
complexes  at  replication  foci.  These  new  findings  suggest  that  epigenetic  changes  might  play 
a  crucial  role  in  gene  inactivation  in  breast  cancer.  Further,  inhibition  of  DNA  methylation 
and  histone  deacetylation  might  be  a  therapeutic  strategy  in  breast  cancer,  especially  for  those 
cancers  with  ER  and  PR  negative  phenotypes. 

KEY  WORDS:  Breast  cancer;  DNA  methylation;  histone  acetylation;  steroid  receptor. 


INTRODUCTION 

DNA  Methylation  and  Cancer-Related 
Gene  Expression 

Approximately  3-5%  of  the  cytosine  residues  in 
the  human  genome  are  methylated  (1).  Seventy  to 
eighty  percent  of  these  5-methylcytosines  are  located 
in  clusters  of  CpG  dinucleotides,  termed  CpG  islands, 
typically  found  in  the  5’  promoter  region  and  first  exon 
of  certain  genes  (2).  This  methylation  modification  is 
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essential  not  only  in  mammalian  development,  but 
also  in  epigenetic  regulation  of  gene  expression,  in¬ 
cluding  genomic  imprinting  and  X  chromosome  in¬ 
activation  (3-5).  Methylation  of  a  CpG  island  is  fre¬ 
quently  associated  with  loss  of  expression  of  the  target 
gene.  Recent  studies  have  provoked  increasing  inter¬ 
est  in  the  role  of  DNA  hypermethylation  in  tumori- 
genesis  through  its  ability  to  alter  the  expression  of 
tumor  suppressor  genes  (6). 

The  DNA  methylation  reaction  is  catalyzed 
by  a  family  of  DNA  me thyltransf erases  (DNMTs) 
by  use  of  the  universal  methyl  donor,  S-adenosyi- 
methionine.  Three  distinct  DNMTs  have  been 
identified  in  mammalian  cells  so  far,  namely 
DNMTl,  DNMT2  and  DNMT3.  DNMTl  is  con- 
stitutively  expressed  in  mammalian  cells  and  its 
function  is  to  maintain  the  identical  methylation 
pattern  after  DNA  replication  (7).  That  this  function 
is  critical  is  suggested  by  the  finding  that  Dnmtl 
gene  knockout  mice  demonstrated  global  DNA 
demethylation  and  embryonic  lethality  (8,  9).  On 
the  other  hand,  somatic  knockout  of  the  DNMTl 
gene  in  human  colorectal  carcinoma  cells  led  to 
markedly  decreased  cellular  DNMT  activity,  but  only 
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a  20%  decrease  in  overall  genomic  methylation  was 
observed,  mainly  at  juxtacentromeric  satellites  Most 
of  the  gene-specific  CpG  islands  analyzed  remained 
fully  methylated  and  silenced  (10).  These  results 
suggest  that  DNMTl  might  not  be  the  only  critical 
enzyme  in  maintaining  human  genome  methylation 
status,  and  its  exact  role  in  mammalian  development 
and  gene  transcription  regulation  needs  to  be  further 
elucidated.  DNMT2  is  expressed  at  low  levels  in 
most  adult  tissues  examined  but  recombinant  mouse 
DNMT2  has  no  DNA  methyltransferase  activity 
(11-13).  Thus  the  importance  of  DNMT2  is  not 
clear.  DNMT3  does  have  de  novo  methyltransferase 
activity  and  is  highly  expressed  in  embryonic  stem 
cells.  It  has  two  isoforms,  namely  DNMT3A  and 
DNMT3B.  Unlike  DNMT2,  recombinant  mouse 
DNMT3A  and  3B  can  methylate  cytosine  residues 
in  various  native  and  synthetic  DNA  templates  (14). 
DNMT3A  expression  is  ubiquitous.  It  can  be  readily 
detected  in  most  adult  tissues,  whereas  DNMT3B 
expression  is  highly  elevated  in  several  tumor  cell 
lines,  including  leukemia,  melanoma,  and  colorectal 
cancer  cell  lines,  to  a  level  comparable  to  DNMTl 
in  these  cell  lines  (15).  How  other  DNMT  family 
members,  such  as  DNMT2,  DNMT3A,  DNMT3B, 
or  other  novel  methylating  proteins  contribute  to 
CpG  methylation  during  normal  development  or 
tumorigenesis  needs  to  be  addressed  in  future  study. 

Methylation  patterns  in  tumors  are  perplexing. 
In  general,  the  level  of  5-methylcytosine  in  tumor  cells 
is  lower  than  that  in  normal  celk  (16, 17).  However, 
this  global  hypomethylation  is  observed  in  conjunc¬ 
tion  with  regional  hypermethylation  at  CpG  islands, 
in  turn  associated  with  transcriptional  inactivation  of 
an  increasing  number  of  cancer-related  genes.  Thus 
far,  a  variety  of  genes,  including  tumor  suppressor 
genes,  DNA  mismatch  repair  genes,  cell  cycle  related 
genes,  hormone  receptors  and  tissue  or  cell  adhesion 
molecules  have  been  reported  to  be  regulated  by  pro¬ 
moter  CpG  methylation.  The  inactivation  of  gene  ex¬ 
pression  by  aberrant  CpG  island  hypermethylation  is 
supported  by  studies  using  the  demethylating  agents, 
5-azacytidine  (5aza)  and  5-aza-2'-deoxycytidine 
(deoxyC).  Application  of  these  agents  to  several 
cancer  cell  lines  has  been  shown  to  demethylate  CpG 
islands  and  reactivate  expression  of  the  previously 
silenced  genes.  In  addition,  recent  studies  suggest 
that  hypermethylation  of  a  CpG  island  not  only  can 
silence  the  gene  it  regulates,  but  also  facilitate  genetic 
alterations  in  tumor  progression.  (18-21), 

MLHl  (22,  23),  and  GSTPl  (24,  25)  are  the  best 
examples  to  support  this  “facilitation  hypothesis.” 


Accumulating  evidence  suggests  that  hypermethy¬ 
lation  of  these  three  genes  occurs  in  the  early  stages 
of  tumorigenesis,  predisposing  cells  to  later  genetic 
instability,  which  then  contributes  to  tumor  progres¬ 
sion.  Thus  it  appears  that  both  epigenetic  and  genetic 
changes  can  contribute  to  the  carcinogenic  process. 

Histone  Acetylation,  Chromatin  Stability 
and  Gene  Expression 

Chromatin  structure  and  gene  transcription  are 
regulated  partially  by  histone  acetylation.  During  the 
S  phase  of  the  cell  cycle,  histone  acetyltransferases 
(HAT)  transfer  an  acetyl  moiety  to  the  £-amino  group 
of  the  amino  acid,  lysine,  on  histones,  leading  to  neu¬ 
tralization  of  the  positive  charge  and  reduced  affin¬ 
ity  of  histone  for  DNA.  The  ultimate  consequence 
of  this  acetylation  modification  is  the  transformation 
of  a  tight-coiled  inactive  chromatin  structure  into  a 
loose,  transcriptionally  active  one  (26).  This  process 
is  reversed  by  histone  deacetylation  mediated  by  his¬ 
tone  deace  tylases  (HDAC)  during  the  G2  phase  of  the 
cell  cycle.  Deacetylated  histones  expose  their  positive 
charges  to  negatively  charged  DNA,  leading  to  a  con¬ 
densed  inactive  chromatin  structure.  HDAC  seems  to 
play  a  role  in  gene  silencing  as  well  as  in  transcrip¬ 
tional  activation  (27,  28).  In  addition,  HDACs  are 
also  involved  in  cell  differentiation,  cell-cycle  arrest, 
apoptosis,  chemosensitization,  radiosensitization,  an¬ 
titumor  effects  and  up-regulation  of  MHC  class  I  (29). 
Three  families  of  HDAC  have  been  characterized 
so  far,  S.  cerevisiae  RPD3p  (mammalian  equivalents 
HDACs  1, 2  and  3),  5.  cerevisiae  HDAlp  (mammalian 
equivalents  HDACs  4,  5  and  6),  and  Zea  mays  HD2 
(29).  The  understanding  of  these  deacetylases,  espe¬ 
cially  the  roles  of  HDACl  and  2  in  transcription  reg¬ 
ulation,  is  expanding. 

Like  DNA  methylation,  histone  acetylation  has 
recently  been  associated  with  tumorigenesis.  For  ex¬ 
ample,  HAT  CBP  (a  CREB-binding  protein)  is  fused 
to  the  MLL  gene  in  cases  of  acute  leukemia  or 
myelodysplasia  secondary  to  therapy  with  drugs  tar¬ 
geting  DNA  topoisomerase  II  (30, 31).  This  novel  fu¬ 
sion  protein  leads  to  dysregulated  histone  acetylation 
that  might  contribute  to  the  leukemogenic  process 
(31).  Histone  acetylation  may  also  play  a  role  in  breast 
cancer.  The  carboxy-terminal  domains  of  proteins 
encoded  by  the  breast  cancer  susceptibility  genes, 
BRCAl  and  BRCA2,  can  interact  with  Rb  and  Rb 
binding  proteins  as  well  as  HDACl  and  HDAC2  (32). 
It  has  been  proposed  that  the  recruitment  of  HDACs 
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by  BRCA  proteins  could  cause  gene  deregulation  in 
the  progression  of  hereditary  breast  cancer  (33, 34), 
For  additional  discussion  of  BRCAl  and  BRCA2,  see 
in  this  issue  the  article  by  Mielnicki  et  al.  (35). 

Molecular  Mechanisms  for  the  Epigenetic 
Regulation  of  Gene  Expression 

It  appears  that  both  DNA  methylation  and  his¬ 
tone  acetylation  are  involved  in  epigenetic  regulation 
of  gene  expression  in  normal  mammalian  develop¬ 
ment  as  well  as  in  tumorigenesis  through  their  ability 
to  modify  chromatin  structure  during  transcription.  It 
also  has  been  demonstrated  that  methylated  inactive 
genes  are  associated  with  underacetylated  histones 
whereas  unmethylated  active  genes  are  linked  to  hy- 
peracetylated  histones  (36,  37).  These  observations 
raise  the  following  questions.  How  do  DNA  methyla¬ 
tion  and  histone  acetylation  inhibit  transcription?  Do 
these  processes  interact  with  each  other  or  act  sepa¬ 
rately  during  this  process?  Are  there  any  other  factors 
involved? 

Recent  studies  suggested  that  DNMTl  can  form 
a  repressive  transcription  complex  at  replication  foci 
with  HDAC2  and  a  newly  identified  protein,  DMAPl 
(DNMTl  associated  protein),  at  the  noncatalytic 
amino  terminus  of  DNMTl.  DMAPl  has  intrinsic 
transcription  repressive  activity  and  interacts  with 
DNMTl  throughout  S  phase,  whereas  HDAC2  joins 
the  complex  only  during  late  S  phase.  These  findings 
indicate  that  there  is  a  connection  between  DNMTl 
and  HDAC,  and  histone  deacetylation  mediated  by 
HDAC  occurs  after  DNA  replication  (38).  In  another 
study,  DNMTl  has  been  shown  to  form  a  transcrip¬ 
tion  repressive  complex  with  Rb,  E2F1  and  HDACl 
(39).  Therefore,  DNMTl,  in  addition  to  its  function 
of  maintaining  CpG  methylation,  has  direct  inhibitory 
effects  on  transcription  by  formation  of  a  repressive 
complex  during  DNA  replication. 

DNA  METHYLATION  AND  HISTONE 
ACETYLATION  IN  REGULATION  OF  ER 
AND  PR  EXPRESSION  IN  BREAST  CANCER 

ER  and  PR  Expression  in  Normal  Mammary  Gland 
and  Breast  Cancer 

Estrogen  and  progesterone  and  their  receptors 
play  important  roles  in  the  development  and  function 
of  the  mammary  gland  as  well  as  other  female  re¬ 
productive  organs.  At  puberty,  the  hypothalamus  and 


pituitary  gland  stimulate  the  ovary  to  secrete  estrogen 
that  is  responsible  for  the  proliferation  of  the  mam¬ 
mary  epithelial  cells  and  elongation  and  branching  of 
mammary  ducts.  Progesterone  is  synthesized  by  the 
corpus  luteura  and  placenta  to  promote  the  growth  of 
mammary  lobuloalveolar  structures,  especially  dur¬ 
ing  pregnancy  in  preparation  for  milk  secretion  after 
parturition  (40).  Although  estrogen  and  progesterone 
receptors  are  expressed  at  very  low  basal  levels  in  nor¬ 
mal  human  mammary  epithelial  cells  after  a  woman 
reaches  sexual  maturity  (41,  42),  they  seem  to  play 
an  important  role  in  the  initiation,  progression  and 
prognosis  of  breast  cancer.  They  are  also  good  predic¬ 
tors  for  endocrine  therapy  (43).  Approximately  two- 
thirds  of  breast  cancers  express  ER  transcript  and 
synthesize  ER  protein  at  levels  higher  than  in  nor¬ 
mal  breast  tissues  and  half  of  these  ER-positive  tu¬ 
mors  express  both  ER  and  PR  protein  (ER-l-/PR-f ) 
(43).  These  tumors  tend  to  be  more  differentiated 
and  are  more  responsive  to  hormonal  therapies.  One- 
quarter  of  all  breast  cancers  lack  both  ER  and  PR 
(ER-/PR— ).  In  general,  these  tumors  are  associated 
with  poorer  differentiation,  higher  growth  fraction, 
and  worse  clinical  outcome  than  ER-f/PR-f  breast 
cancer  (43).  These  cancers  are  estrogen-independent 
and  rarely  respond  to  hormonal  therapies.  Of  note, 
up  to  one-third  of  initially  ER-b  tumors  can  evolve  to 
an  ER—  status  during  tumor  progression  and  become 
resistant  to  hormone  therapy  (44). 

ER  Methylation  and  DNMT  Expression 
in  Breast  Cancer 

The  human  ER  cDNA  and  gene  were  cloned  in 
1986  (45-47).  This  140  kb  ER  gene  has  eight  exons 
and  is  located  on  chromosome  6q25.1.  Since  then, 
efforts  have  been  devoted  to  the  possible  molecular 
genetic  mechanisms  for  the  loss  of  ER  expression  in 
breast  cancers.  Genetic  changes,  such  as  insertions, 
deletions,  rearrangements,  or  point  mutations  of  the 
ER  gene  were  extensively  sought  in  breast  cancer 
cells  since  these  in-frame  or  out-of-frame  sequence 
alterations  would  lead  to  either  absence  of  ER 
expression  or  expression  of  an  unstable  mutant  that 
might  be  degraded  shortly  after  protein  translation 
by  the  ubiquitin  protease  system.  Although  several 
sequence  mutations  for  the  ER  gene  were  identified 
and  shown  to  be  related  to  decreased  ER  expression 
and  estradiol  binding,  they  are  uncommon  and  can¬ 
not  explain  the  loss  of  ER  expression  in  a  significant 
fraction  of  human  breast  cancers  (40).  This  finding 
suggests  that  mechanisms  other  than  genetic  changes 
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Table  I.  Frequency  of  ER  Gene  Methylation  of  Primary  Breast 
Human  Tissues  by  Use  of  Southern  Blot  Analysis" 


Genotype 

ER  gene  methylation  at  the 
not\  site 

ER+/  PR+  tumor 

0/29  (0%) 

ER+/  PR~  tumor 

0/24  (0%) 

ER-/  PR-  tumor 

9/39  (25%) 

ER-/  PR-  metastases 

2/2(100%) 

Normal  breast 

0/9  (0%) 

“Adapted  from  Ret  (51). 


might  also  contribute  to  the  loss  of  ER  expression  in 
breast  cancer. 

One  extensively  studied  epigenetic  mechanism 
that  might  lead  to  loss  of  ER  expression  is  CpG  methy¬ 
lation.  Interestingly,  the  ER  gene  has  a  CpG  island  in 
its  promoter  and  firet  exon  regions  marked  by  a  clus¬ 
tering  of  sites  for  methylation-sensitive  restriction  en¬ 
donucleases  (46, 48)  (Fig.  1).  In  addition,  absence  of 
ER  protein  expression  in  human  breast  cancer  spec¬ 
imens  is  frequently  associated  with  loss  of  ER  tran¬ 
script  (49).  Those  findings  raise  the  possibihty  that 
absence  of  ER  expression  is  associated  with  ER  gene 
hypermethylation. 

We  have  addressed  this  hypothesis  using  hu¬ 
man  breast  cancer  cell  lines  as  a  model  system.  Ot- 
taviano  et  al.  (50)  reported  that  ER-  human  breast 
cancer  cells  displayed  extensive  methylation  of  the 
CpG  island  in  the  5’  promoter  region  of  the  estrogen 
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receptor  gene,  in  association  with  silencing  of  ER  gene 
expression.  The  6.3  kb  ER  mRNA  transcript  was  de¬ 
tected  easily  in  three  ER-f  cell  lines  (MCF-7,  T47D 
and  ZR75-1),  but  none  was  detected  in  three  ER—  cell 
lines  (Hs578t,  MDA-MB-231  and  MDA-MB-468). 
Southern  blot  analysis  using  methylation-sensitive  re¬ 
striction  enzymes  showed  that  the  ER  CpG  island 
was  methylated  at  a  critical  Noll  site  in  multiple  ER- 
negative  breast  cancer  cell  lines.  As  expected  for  an 
autosomal  gene,  the  ER  gene  was  unmethylated  at 
the  Noll  site  in  the  CpG  island  in  all  normal  tissues 
studied  including  breast  epithelium.  In  addition,  the 
ER  gene  was  unmethylated  at  multiple  other  restric¬ 
tion  sites  in  its  CpG  island  in  all  ER-I-  cell  lines  stud¬ 
ied,  but  these  sites  were  frequently  methylated  in 
ER-negative  cell  lines.  Of  note,  the  major  DNA 
methyltransferase,  DNMTl,  was  highly  expressed  in 
ER-  cell  lines  at  the  mRNA  level  as  weU  as  the 
protein  and  enzymatic  activity  levels.  Careful  assess¬ 
ment  of  the  relationship  between  ER  expression  and 
DNMTl  showed  that  DNMTl  protein  expression  was 
correlated  with  S-phase  fraction  in  ER-positive  cell 
lines,  but  not  in  ER-negative  cell  lines.  Thus  DNMTl 
expression  was  elevated  in  ER-negative  cell  lines  and 
was  unlinked  from  cell  cycle  regulation  (51). 

A  key  question  is  whether  these  tissue  culture 
findings  have  any  relevance  to  human  breast  can¬ 
cer.  Using  Southern  blot  analysis,  Lapidus  et  al.  (52) 
reported  that  the  ER  CpG  island  was  methylated 
at  the  Noti  restriction  site  in  9  of  39  (25%)  of 
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Fig.  L  Map  of  ER  CpG  island  and  locations  of  PCR  products  generated  by  use  of  specific 
ER  MSP  primers.  Box  represents  exon  1  of  ER  gene. 
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primary  ER-  breast  cancers  but  remained  unmethy¬ 
lated  in  53  ER-H  breast  cancers  and  9  normal  breast 
specimens  (Table  I).  The  possible  explanations  for 
the  different  frequency  of  ER  methylation  in  cell 
lines  and  tissues  include  the  presence  of  normal 
cells  in  primary  cancers,  heterogeneity  of  ER  ex¬ 
pression  within  breast  cancers,  methylation  of  other 
sites  within  the  CpG  island  which  were  not  ex¬ 
amined,  and  the  relative  insensitivity  of  Southern 
blot  analysis.  These  possibilities  have  been  partially 
addressed  through  the  development  of  a  PCR-based 
assay  termed  methylation-specific  PCR  or  MSP,  a 
technique  designed  to  analyze  methylation  of  CpG 
dinucleotides  across  the  entire  ER  CpG  island  (Rg.  1). 
By  use  of  MSP,  normal  breast  tissues  and  ER-t-  cell 
lines  shown  only  an  unmethylated  product  across  all 
5  primer  sets  used,  whereas  ER—  cell  lines  shown 
methylated  products  across  much  of  the  island  (52) 
(Table  E).  To  confirm  that  ER  CpG  methylation  could 
also  be  detected  by  MSP  in  primary  human  breast  can¬ 
cers,  a  panel  of  33  primary  breast  cancers  of  known 
receptor  status  was  studied.  All  33  tumors  showed 
at  least  some  degree  of  methylation  at  one  or  more 
primer  sites.  By  use  of  a  semiquantitative  scoring  sys¬ 
tem  for  elevated  CpG  density,  the  percentage  of  tu¬ 
mors  displaying  substantial  methylation  can  be  calcu¬ 
lated  for  each  tumor  set  defined  by  receptor  status. 
As  shown  in  Table  El,  about  one-third  of  ER-f-/PR+ 
tumors  showed  methylation,  whereas  the  percentage 
increased  to  100%  in  ER-/PR-  tumors  (53).  Taken 
together,  data  derived  from  both  our  study  and  oth¬ 
ers  (54)  support  a  correlation  between  absence  of  ER 


Table  U.  ER  Gene  Methylation  of  Human  Breast  Cancer  Lines  by 
UseofMSP“ 


Source 

ERl 

ER2 

ER3 

ER4 

ER5 

Normal  breast 

- 

- 

- 

- 

epithelial  cells 

ER+  cell  lines 

MCF-7 

- 

- 

— 

— 

— 

T47D 

- 

- 

- 

— 

— 

ZR-75-1 

- 

- 

— 

— 

— 

ER-  cell  lines 

MDA-MB-231 

+ 

Hs578t 

+ 

+ 

± 

+ 

MDA-MB-435 

:fc 

- 

± 

+ 

MDA-MB-468 

+ 

db 

± 

± 

± 

MCF-7/Adr 

4* 

4- 

± 

± 

a'Phg  results  of  normal  breast  epithelial  cells  are  representative  of 
five  normal  breast  epithelial  samples.  methylated;  :  un- 
raethylated;  “±”;  heterogeneous,  both  methylated  and  unmethy¬ 
lated  PCR  products.  Adapted  from  Ret  (53). 


Table  m.  ER  Gene  Methylation  of  Primary  Human  Primary  Breast 
Cancers  by  Use  of  MSP 


Receptor  status 

No.  of  tumors 

No.  of  methylated 
tumors  (percentage) 

ER-I-/PR+ 

11 

4(36%) 

ER+/PR- 

11 

8  (72%  ) 

ER-/PR- 

11 

11  (100%) 

“Adapted  from  Ret  (53). 


expression  and  aberrant  CpG  island  methylation  of 
ER  gene.  Whether  methylation  status  actually  acts 
solely  or  partially  to  silence  ER  transcription  is  a  key 
question. 

Demethylation  of  the  ER  Gene  Results 
in  Re-Expression  of  ER 

If  silencing  of  ER  expression  is  a  function  of 
CpG  island  methylation  of  ER  gene,  it  is  possible 
that  demethylation  should  result  in  the  re-expression 
of  ER  in  ER—  breast  cancer  cells.  In  accord  with 
this  prediction,  treatment  of  the  ER—  human  breast 
cancer  cell  line,  MDA-MB-231,  with  the  demethylat- 
ing  agents,  5-aza  and  deoxyQ  led  to  re-expression 
of  ER  (55).  After  treatment  with  either  drug,  the 
DNA  from  these  cells  became  partially  demethy- 
lated  at  several  methylation-sensitive  restriction  en¬ 
zyme  sites,  including  Hhal,  Notl,  and  5acII,  within 
the  ER  promoter  CpG  island.  Demethylation  corre¬ 
lated  with  re-expression  of  the  ER  gene  as  detected 
by  reverse  transcriptase-PCR  (RT-PCR)  as  demon¬ 
strated  in  Hg.  2  and  Western  Blot  analysis.  Func¬ 
tional  activity  of  this  ER  protein  was  examined  in 
two  ways.  First,  its  ability  to  activate  expression  of 
an  endogenous  estrogen-inducible  gene,  PR,  was  as¬ 
sessed.  PR  mRNA  and  protein  were  induced  by  es¬ 
trogen  treatment  of  deoxyC  treated  MDA-MB-231 
or  Hs578t  cells.  Second,  the  ability  of  the  deoxyC- 
induced  ER  to  transduce  expression  of  a  luciferase 
reporter  gene  linked  to  an  estrogen  response  element 
(ERE)  was  assessed.  MDA-MB-231  cells  were  stably 
transfected  with  an  ERE-tk-luciferase  construct  with 
the  expectation  that  deoxyC-induced  ER  expression 
would  increase  luciferase  expression.  As  expected, 
increased  luciferase  activity  (1.5— 5.6  fold  in  10  inde¬ 
pendent  clones)  over  the  background  level  of  the  un¬ 
treated  cells  was  observed  (54).  These  results  provide 
powerful  evidence  that  DNA  methylation  of  the  ER 
CpG  island  plays  a  functional  role  in  suppression  of 
ER  expression  in  ER-  breast  cancer  cells. 
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Fig.  2.  RT-PCR  analysis  of  ER  mRNA  re-expression  by  TSA 
(100  ng/ml  X  2  days)  or  deoxyC  (2.5  uM  x  4  days)  treatment  in 
ER-  MB-MDA-231  cells,  ^-actin  RT-PCR  product  was  used  as  a 
control  for  the  amount  of  RNA  used. 


DNA  Methylation  and  PR  Gene  Expression 

As  discussed  in  the  Introduction,  one  quarter  to 
one-third  of  breast  cancers  lack  both  ER  and  PR, 
whereas  another  one-third  are  ER-f  but  PR-.  It  also 
has  been  demonstrated  that  the  expression  of  PR  re¬ 
quires  ER  as  a  transcriptional  activator  (56).  There¬ 
fore,  the  presence  of  PR  in  ER-h  tumors  may  be  a 
better  predictor  of  hormone  responsiveness  than  ER 
alone  (43).  Interestingly,  the  PR  gene  also  has  a  typical 
CpG  island  in  its  first  exon.  The  PR  CpG  island  is  1  kb 
in  size,  has  70%  GC  content,  and  contains  a  wide  ar¬ 
ray  of  methylation-sensitive  restriction  sites.  Southern 
analyses  targeted  at  three  methylation-sensitve  re¬ 
striction  sites  in  the  PR  CpG  island  showed  that  these 
sites  are  not  methylated  in  normal  breast  tissue  speci¬ 
mens  but  are  hypermethylated  in  40%  of  primary  tu¬ 
mors  that  lack  PR  protein  expression  (52).  Thus  the 
question  of  why  the  PR  hypermethylation  could  be 
responsible  for  a  lack  of  PR  expression  was  studied 
in  MDA-MB-231  cells  which  lack  both  ER  and  PR 
(57).  Treatment  of  these  cells  with  the  demethylat- 
ing  agent,  deoxyC,  led  to  partial  demethylation  of  the 
ER  and  PR  CpG  islands  and  was  associated  with  in¬ 
duction  of  PR  protein  expression  as  demonstrated  by 
Western  blot  analysis.  However,  Ferguson  et  al.  (57), 
using  MDA-MB-231  cells  stably  transfected  with  an 
inducible  expression  vector  for  ER,  found  that  the  in¬ 
duction  of  PR  gene  expression  by  ligand-bound  ER 
did  not  require  demethylation  of  the  PR  CpG  island. 
In  addition,  induction  of  PR  transcription  was  inhib¬ 
ited  by  blocking  the  interaction  of  ER  with  SRC-1  A, 
a  coactivator  of  ER  function.  These  results  suggested 
that  a  transcription  factor  with  the  potential  to  re¬ 
model  heterochromatin  (ER)  could  activate  PR  gene 
expression  without  altering  the  methylation  status  of 


the  CpG  island  in  the  PR  gene.  These  results  raise 
the  possibility  that  demethylation  and  histone  acety¬ 
lation  are  distinct  but  complementary  mechanisms 
for  destabilizing  heterochromatin  and  activating  gene 
transcription  (58). 


Histone  Acetylation  and  ER  Expression 

As  discussed  earlier,  histone  acetylation  and 
deacetylation  are  intimately  involved  in  chromatin 
structure  changes  during  transcription.  In  additions, 
new  models  of  transcriptional  suppressive  complexes 
suggest  that  HDACs  and  DNMTl  are  in  direct  con¬ 
tact.  Recent  studies  indicate  that  silencing  of  a  gene 
by  methylation  involves  the  generation  of  an  inactive 
chromatin  structure  in  which  methyl  CpG-binding 
protein  (MeCP2)  and  the  adapter  protein,  mSin3A, 
recruit  histone  deacetylase  (59, 60).  The  deacetylation 
of  lysine  groups  of  histones  H3  and  H4  allows  ionic 
interactions  between  positively  charged  lysines  and 
negatively  charged  DNA,  resulting  in  a  more  com¬ 
pact  nucleosome  structure  that  limits  gene  activation. 
The  question  emerges  of  whether  epigenetic  modi¬ 
fication  of  histone  acetylation  alone  could  result  in 
re-expression  of  genes  that  are  inhibited  by  the  tran¬ 
scriptional  suppressive  complex,  or  whether  both  his¬ 
tone  acetylation  and  CpG  demethylation  are  required 
for  this  event. 

The  answers  to  this  question  have  been  vari¬ 
able.  For  example,  HDAC  inhibitors  like  trichostatin 
(TSA)  or  phenylbutyrate  alone  restored  retinoic  acid 
receptor  a  (RARa)  expression  in  retinoic  acid  (RA) 
resistant  acute  promyelocytic  leukemia  (APL)  cell 
lines  as  demonstratated  by  the  differentiation  of  APL 
cells  in  the  presence  of  RA  (61-63).  However,  hy¬ 
permethylated  genes,  such  as  MLHl,  TIMP3,  INK4B 
(pl5)  and  INK4a  (pl6),  could  not  be  transcriptionally 
reactivated  by  TSA  alone,  but  could  be  re-expressed 
in  colon  cancer  cells  with  a  combination  of  TSA  and 
the  demethylating  agent,  5-aza  (58). 

To  study  the  role  of  histone  acetylation  in  ER  ex¬ 
pression,  ER-  MDA-MB-231  cells  were  treated  with 
HDAC  inhibitor,  TSA.  A  time-  and  dose-dependent 
reactivation  of  ER  mRNA  expression  was  observed 
(64).  As  shown  in  Fig.  2,  TSA  alone  at  100  ng/ml  for  2 
days  could  reactivate  ER  expression  as  well  as  deoxyC 
in  ER—  MDA-MB-231  breast  cancer  cell  line.  By  use 
of  quantitative  competitive  PCR  assay,  an  increase 
of  5.0  fold  of  ER  transcript  expression  was  reported 
(64).  MSP  analysis  of  the  ER  CpG  island  showed  no 
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change  in  its  methylation  after  TSA  treatment,  sug¬ 
gesting  that  ISA’s  effects  on  ER  re-expression  were 
not  associated  with  a  change  in  methylation  status. 
Iliis  finding  was  confirmed  via  a  more  rigorous  as¬ 
say,  bisulfite  genomic  sequencing  of  the  ER  promoter 
region,  a  technique  which  permits  the  direct  exami¬ 
nation  of  the  methylation  status  of  each  CpG  dinu¬ 
cleotide  within  the  promoter  region.  Multiple  clones 
of  control  and  ISA-treated  ceDs  were  examined  and 
did  not  show  any  change  in  the  methylation  status  of 
the  ER  gene  with  ISA.  A  logical  extension  of  these 
studies  will  be  to  examine  the  effect  of  combinations 
of  demethylating  agents  and  HDAC  inhibitors  on  ex¬ 
pression  of  ER  as  well  as  other  methylated  genes  in 
breast  cancer  cells. 


DNA  Methylation  and  HDAC  Inhibitors 
as  Therapeutic  Strategies  in  Breast  Cancer 

Abundant  evidence  indicates  that  epigenetic 
mechanisms  play  pivotal  roles  in  the  pathogenesis  of 
cancer.  Both  DNA  methylation  and  histone  acetyla¬ 
tion  have  been  shown  to  be  involved  in  the  regula¬ 
tion  of  expression  of  cancer-related  genes.  Ihe  stud¬ 
ies  in  breast  cancer  summarized  earlier  demonstrated 
that  both  demethylating  agents  and  HDAC  inhibitors 
could  re-activate  expression  of  a  number  of  important 
growth  regulatory  genes  in  several  breast  cancer  cell 
lines,  thus  raising  the  possibility  of  using  these  types 
of  agents  as  therapeutic  strategies  for  breast  cancer. 

Two  demethylating  agents,  5aza  and  deoxyC, 
have  been  studied  clinically,  particularly  in  patients 
with  hemoglobinopathies.  For  example,  5aza  has  been 
successfully  used  to  treat  patients  with  ^-thalassemia. 
It  has  been  reported  that  loss  of  expression  of  the 
y-globin  gene  is  associated  with  methylation  of  its 
promoter  (65).  Infusion  of  5aza  into  /3-thalassemia 
patients  led  to  an  increase  of  j/-globin  expression  and 
amelioration  of  anemia  (66).  Similarly,  5aza  can  in¬ 
crease  HbF  production  and  reduce  anemia  in  sickle 
cell  disease  (67).  In  addition,  in  an  ongoing  trial, 
the  efficacy  of  treatment  of  nasopharyngeal  tumors 
with  5aza  is  being  evaluated.  The  promoter  of  one 
of  the  Epstein  Barr  Virus-related  proteins  is  heavily 
methylated  in  nasopharygneal  carcinoma.  It  has  been 
proposed  that  demethylation  of  this  promoter  could 
lead  to  reactivation  of  an  EBV  latency  protein  that 
could  then  become  the  target  for  a  secondary  immune 
therapy  (R.  Ambinder,  Johns  Hopkins  Oncology 
Center,  personal  communication).  Another  possible 


approach  is  to  use  antisense  oligonucleotides  against 
DNA  methyltransferase  to  inhibit  DNA  methyla¬ 
tion.  It  has  been  shown  that  antisense  oligonu¬ 
cleotides  have  in  vitro  and  in  vivo  antitumor  activity 
and  a  clinical  trial  of  this  approach  is  in  progress 
(68,69). 

Several  HDAC  inhibitors  have  the  potential  to 
be  used  as  anti-cancer  agents  (29).  The  most  plausi¬ 
ble  and  extensively  studied  are  butyrate,  TSA,  and 
trapoxin  (TPX)  and  their  relatives.  The  IC50  of  bu¬ 
tyrate  for  HDAC  is  in  the  millimolar  range,  whereas 
TSA  and  TPX  act  at  low  nanomolar  concentrations. 
One  triglyceride  analogue  of  the  short-chain  fatty  acid 
butyrate,  tributyrin,  has  been  reported  to  induce  tran¬ 
scription  of  p21,  arrest  of  cells  in  G2/M  and  apoptosis 
in  MCF-7  human  breast  cancer  cell  lines.  (70).  Two 
butyrate  derivatives,  phenylbutyrate  (PB)  and  pheny- 
lacetate  (PA),  have  powerful  growth  inhibitory  effects 
on  several  cell  types  including  ovarian  and  prostate 
cancers  (71).  A  clinical  trial  with  sodium  phenylac- 
etate  in  patients  with  thalassemia  showed  an  increase 
of  fetal  hemoglobin  in  some  patients  (72).  Other 
HDAC  inhibitors  under  study  include  FR901228,  ox- 
amfiatin,  depudecin,  suberoylanilide  hydroxamic  acid 
(SAHA),  m-carboxycinnamic  acid  bishydroxamide 
(CBHA)  and  apicidin. 

A  potential  strategy  is  to  combine  demethylating 
agents  and  HDAC  inhibitors.  From  a  clinical  point-of- 
view,  the  potential  benefits  of  this  combination  could 
include  lowering  of  drug  concentration  requirements, 
shorter  periods  of  drug  exposure,  and  lower  toxic¬ 
ity,  as  well  as  the  possibility  of  synergy.  For  example, 
synergistic  effects  were  observed  in  a  combination 
study  with  both  a  demethylating  agent  and  a  HDAC 
inhibitor  in  colon  cancer  cells.  If  cancer  cells  were 
treated  with  100  nM  5aza  (a  dose  that  had  little  effect 
on  gene  expression  if  used  alone)  for  24  hours  fol¬ 
lowed  by  300  nM  TSA  for  24  hours,  (again  a  treatment 
that  was  ineffective  alone),  re-expression  of  several 
genes  was  obvious  (58).  A  key  question  in  develop¬ 
ment  of  this  strategy  will  be  the  specificity  and  se¬ 
lectivity  of  gene  re-expression  patterns  and  how  they 
might  be  exploited  clinically. 

Hnally,  it  should  be  noted  that  demethylation 
and  histone  acetylation  are  only  two  mechanisms  for 
epigenetic  regulation  of  target  genes  like  ER.  Other 
transcriptional  modulators  might  also  contribute  to 
the  epigenetic  regulation  of  gene  expression.  For  ex¬ 
ample,  it  was  reported  that  AP2  transcription  factor 
can  trans-activate  the  cloned  human  ERa  promoter 
inMDA-MB-231cells(73). 
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CONCLUSIONS 

The  evidence  for  epigenetic  regulation  of  gene 
expression  in  tumorigenesis  is  accumulating.  Two 
components,  demethylation  of  C5-methylcytosines  at 
the  CpG  island  within  the  promoter  region  of  target 
genes  and  histone  acetylation  of  chromatin,  have  been 
studied  extensively  by  use  of  demethylating  agents 
and  HDAC  inhibitors.  ER  and  PR,  two  critical  genes 
in  breast  cancer  development  and  treatment,  have 
been  reported  to  be  densely  methylated  in  ER-  but 
not  ER+  human  breast  cancer  cell  lines.  Treatment  of 
ER-  human  breast  cancer  cells  with  a  demethylating 
agent  or  a  HDAC  inhibitor  can  lead  to  reactivation 
of  ER  expression  in  these  cells.  However,  demethyla¬ 
tion  of  PR  CpG  island  is  not  required  for  PR  expres¬ 
sion.  These  data  in  combination  with  similar  results 
observed  with  other  critical  genes  in  breast  cancer 
and  other  types  of  cancer  support  the  potential  for 
compounds  that  can  modulate  epigenetic  regulation 
in  the  treatment  of  human  cancers. 
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Abstract 

Formation  of  transcriptional  repression  complexes  such  as  DNA  meth¬ 
yltransferase  (DNMT)  1/histone  deacetylase  (HDAC)  or  methyl-CpG 
binding  protein/HDAC  is  emerging  as  an  important  mechanism  in  silenc¬ 
ing  a  variety  of  methylated  tissue-specific  and  imprinted  genes.  Our 
previous  studies  showed  that  treatment  of  estrogen  receptor  (£R)-a- 
negative  human  breast  cancer  cells  with  the  DNMT  inhibitor  5-aza-2'- 
deoxycytidine  (5-aza-dC)  led  to  ER  mRNA  and  protein  re-expression. 
Also,  the  HDAC  inhibitor  trichostatin  A  (TSA)  could  induce  ER  transcript 
about  5-fold.  Here  we  show  that  5-aza-dC  alone  induced  ER  transcript 
about  30-40-fo!d,  and  the  addition  of  TSA  elevated  ER  mRNA  expression 
about  10-fold  more  in  the  human  ER-negative  breast  cancer  cell  lines 
MDA-MB-231  and  MDA-MB-435.  Overall,  the  combination  of  5-aza-dC 
and  TSA  induced  a  300 '-400-fold  increase  in  ER  transcript.  Restoration  of 
estrogen  responsiveness  was  demonstrated  by  the  ability  of  the  induced 
ER  protein  to  elicit  estrogen  response  element-regulated  reporter  activity 
from  an  exogenous  plasmid  as  well  as  induce  expression  of  the  ER  target 
gene,  progesterone  receptor.  The  synergistic  activation  of  ER  occurs 
concomitantly  with  markedly  reduced  soluble  DNMTl  expression  and 
activity,  partial  demethylation  of  the  ER  CpG  island,  and  increased 
acetylation  of  histones  H3  and  H4.  These  data  suggest  that  the  activities  of 
both  DNMTl  and  HDAC  are  key  regulators  of  methylation-mediated  ER 
gene  silencing. 

Introduction 

ER^  is  a  ligand-activated  nuclear  receptor  that  regulates  transcrip¬ 
tion  of  estrogen-responsive  genes  in  diverse  target  cells  (1).  ER  and  its 
ligand,  17]3-estradioI,  not  only  play  a  critical  role  in  normal  breast 
development  but  also  have  long  been  linked  to  mammary  carcinogen¬ 
esis,  breast  tumor  progression,  and  outcome  of  breast  cancer  patients 
(2).  Given  the  fact  that  17)3-estradiol  stimulates  the  growth  of  ER- 
positive  breast  tumors  via  functional  ER,  endocrine  therapy  such  as 
antiestrogen  or  ovarian  ablation  has  been  established  as  an  important 
part  of  breast  cancer  management  (3).  However,  up  to  one-third  of 
breast  carcinomas  lack  ER  at  the  time  of  diagnosis,  and  a  fraction  of 
cancers  that  are  initially  ER  positive  lose  ER  during  tumor  progres¬ 
sion  (4).  Genetic  alterations,  such  as  homozygous  deletion,  loss  of 
heterozygosity,  or  ER  gene  mutation,  have  not  been  reported  to  play 
a  major  role  in  loss  of  ER  expression.  There  is  increasing  evidence 
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that  epigenetic  alterations  play  a  role  in  inactivation  of  ER  gene 
expression  (5,  6).  As  demonstrated  by  Southern  and  MSP. analyses, 
the  ER  CpG  island  is  unmethylated  in  normal  breast  tissue  and  most 
ER-positive  tumor  cell  lines,  whereas  it  is  methylated  in  -^50%  of 
unselected  primary  breast  cancers  and  most  ER-negative  breast  cancer 
cell  lines  (7).  The  methylation  of  these  CpG  cluster  sites  is  associated 
with  either  reduced  or  absent  ER  expression. 

The  DNMT  inhibitor  5-aza-dC  is  widely  used  to  study  the  reex¬ 
pression  of  genes  silenced  by  promoter  methylation  (8).  5-aza-dC 
exerts  its  demethylating  function  through  sequestration  of  DNMTl  to 
5 -aza-dC- substituted  DNA  by  the  irreversible  binding  of  the  cysteine 
in  the  catalytic  domain  of  the  DNMTl  enzyme  to  the  6  position  of  the 
cytidine  ring  (9,  10).  In  our  previous  study,  treatment  of  ER-negative 
human  breast  cancer  cells  with  the  methyltransferase  inhibitors  5- 
aza-cytidine  or  5-aza-dC  led  to  partial  demethylation  of  the  ER  CpG 
island,  reexpression  of  ER  mRNA,  and  synthesis  of  functional  ER 
protein.  Restoration  of  ER  function  was  documented  by  eliciting 
ERE-driven  promoter  activity  from  an  exogenous  plasmid  as  well  as 
the  expression  of  the  ER-responsive  gene,  P/?  (II). 

Inactive  chromatin  built  on  methylated  CpG  clusters  is  emerging  as 
an  important  molecular  mechanism  to  silence  a  variety  of  methylated 
tissue-specific  and  imprinted  genes  (12,  13).  This  process  involves 
methyl  CpG-binding  proteins  to  recruit  HDAC  family  members. 
These  HDACs  remove  acetyl  groups  from  lysine  residues  of  core 
histones,  particularly  H3  and  H4,  to  increase  ionic  interactions  be¬ 
tween  positively  charged  lysines  of  histones  and  negatively  charged 
DNA,  thereby  generating  a  more  compact  nucleosome  structure  that 
limits  gene  activity.  In  our  previous  study,  TSA,  a  potent  and  revers¬ 
ible  HDAC  inhibitor,  could  induce  ER  mRNA  by  5-fold.  This  tran¬ 
scriptional  activation  is  associated  with  increased  sensitivity  to  DNase 
I  at  the  ER  locus  without  alteration  of  the  methylated  CpG  sites, 
suggesting  that  an  accessible  chromatin  structure  is  important  in  ER 
expression  (6). 

Recently,  in  vitro  studies  have  shown  that  DNMTl  interacts  phys¬ 
ically  with  either  HDACl  or  HDAC2  (14,  15),  in  addition  to  its  ability 
to  methylate  hemimethylated  CpG  sites  in  DNA.  These  findings 
suggested  that  the  ability  of  DNMTl  to  repress  transcription  after 
replication  through  its  regulatory  NH2  terminus  is  partially  dependent 
on  HDAC  activity.  A  study  using  5-aza-dC  followed  by  TSA  treat¬ 
ment  of  human  colon  cancer  and  leukemia  cells  robustly  reactivated 
multiple  methylated  genes  such  as  MLHl,  TIMP3,  CDK2B,  and 
CDK2A.  This  finding  supports  the  essential  roles  of  both  DNMT  and 
HDAC  in  silencing  expression  of  endogenous  methylated  genes  (16). 

Here  we  show  that  cotreatment  with  DNMT  and  HDAC  inhibitors 
can  synergistically  induce  ER  gene  expression  in  ER-negative  breast 
cancer  cells.  Induced  expression  of  ER  mRNA  and  protein  is  associ¬ 
ated  with  expected  ER  function  on  estrogen-responsive  targets.  First, 
ERE-driven  reporter  activity  from  an  exogenous  plasmid  is  induced 
by  the  treatments  and  blocked  by  the  ER  antagonist  ICI  182,780. 
Secondly,  the  treatments  stimulate  expression  of  the  ER-responsive 
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gene,  PR,  which  is  again  suppressed  by  ICI  182,780.  Our  data  show 
that  synergistic  induction  of  ER  occurs  in  conjunction  with  reduced 
soluble  DNMTl  expression  and  DNMT  activity,  partial  demethyla- 
tion  of  the  ER  CpG  island,  and  increased  acetylation  of  histones  H3 
and  H4.  These  data  suggest  that  phannacological  intervention  against 
both  DNMT  and  HDAC  can  synergistically  reactivate  the  methylated 
ER  gene  expression  and  restore  ER  function. 

Materials  and  Methods 

Cell  Lines,  Reagents,  Antibodies,  and  Treatment  Protocols.  The  human 
breast  cancer  cell  lines  (MDA-MB-231,  MDA-MB-435,  MCF-7/wt,  and 
T-47D)  and  their  culture  conditions  were  as  reported  previously  (17).  Rabbit 
antihuman  DNMTl  antisera  were  described  previously  (18).  Specific  anti- 
acetyiated  H3  and  H4  rabbit  polyclonal  antibodies  and  PCNA  monoclonal 
antibody  were  purchased  from  Upstate  Biotechnology  (Lake  Placid,  NY)  and 
Oncogene  Research  Products  (Cambridge,  MA),  respectively.  The  anti>ER-a 
antibody,  ID5,  was  obtained  from  Coulter  Immunotech  (Marseille,  France). 
The  pure  antiestrogen  ICI  182,780  was  a  generous  gift  from  AstraZeneca 
Pharmaceuticals  (Macclesfield,  United  Kingdom).  For  treatment,  cells  were 
seeded  at  a  density  of  5  X  10^  cells/ 100-mm  tissue  culture  dish.  After  24  h  of 
incubation,  the  culture  media  were  changed  to  media  containing  5-aza-dC  for 
up  to  96  h  or  TSA  for  12  h.  For  the  combination  study,  5-aza-dC  was  present 
in  culture  for  96  h,  and  TSA  was  added  for  the  last  1 2  h. 

RNA  Isolation,  RT-PCR  Analysis  of  ER  and  PR,  and  Quantitative 
Competitive  PCR  Analysis  of  ER.  Total  cellular  RNA  was  extracted  by 
Triz'ol  reagent  (Life  Technologies,  Inc.,  Rockville,  MD).  RT-PCR  was  carried 
out  according  to  our  previously  described  method  (6).  RNAs  under  comparison 
were  simultaneously  reversibly  transcribed  to  achieve  equal  efficiency  for 
reverse  transcription.  ER  mRNA  expression  was  initially  screened  by  RT- 
PCR.  If  ER  mRNA  was  present,  a  previously  reported  quantitative  competitive 
PCR  assay  was  performed  to  determine  the  level  of  ER  transcript  in  treated 
MDA-MB-231  and  MDA-MB-435  cells  as  compared  with  the  expression  level 
in  untreated  cells  or  the  control  ER-positive  MCF-7  cells  (6).  PR  RT-PCR 
primers  were  described  previously  (11),  and  the  PCR  reaction  was  performed 
with  an  Advantage  GC2  PCR  kit  (Clontech,  Palo  Alto,  CA)  according  to  the 
protocol  recommended  by  the  supplier. 

Genomic  DNA  Isolation  and  MSP  Analysis  of  ER  CpG  Island.  DNA 
was  isolated  by  standard  phenol-chloroform  extraction.  Isolated  DNA  was 
subjected  to  modification  by  sodium  bisulfite  to  convert  unmethylated  cy¬ 
tosines  but  not  methylated  cytosines  to  uraciis  as  described  previously  (19). 
Methylation  status  of  the  bisulfite-modified  DNA  at  the  ER  locus  was  char¬ 
acterized  by  MSP  using  our  previously  reported  method  (7). 

Western  Blot  Analysis  of  ER,  PCNA,  or  DNMTl  Expression.  Proteins 
from  detergent-lysed  cells  were  quantified  by  using  the  BCA  protein  assay  kit 
(Pierce,  Rockford,  IL).  The  Western  blot  procedure  was  reported  previously 
(20).  Briefly,  after  protein  separation  by  electrophoreris  and  transfer  to  nitro¬ 
cellulose,  blots  were  probed  for  1  h  with  2  jug/ml  either  mouse  monoclonal 
antibody  1D5  (ER  specific)  or  Ab-I  (PCNA  specific)  or  affinity-purified  rabbit 
polyclonal  IgG  (DNMTl  specific)  at  a  1:1000  dilution  in  PBS  containing  5% 
dry  milk.  After  incubation  with  peroxidase- labeled  secondary  rabbit  antimouse 
or  goat  antirabbit  antibodies,  the  immunoreactive  proteins  were  detected  by  the 
enhanced  chemiluminescence  method  as  recommended  by  the  manufacturer 
(Amersham  Pharmacia  Biotech,  Piscataway,  NJ).  Protein  band  intensities  were 
quantified  by  densitometry  (EagleSight  Software  of  Eagle  Eye  II  Imaging 
System;  Stratagene,  La  Jolla,  CA). 

DNMT  Activity  Assay.  Lysates  from  cells  growing  in  the  presence  or 
absence  of  5-aza-dC,  TSA,  or  5-aza-dC  and  TSA  were  prepared  and  assayed 
for  enzyme  activity  by  the  incorporation  of  [^H]melhyl-S-adenosylmethionine 
into  poly(dI-dC:dI-dC)  as  described  previously  (21). 

Analysis  of  Acetylated  Histones.  Cellular  histone  extraction  was  per¬ 
formed  using  2x10'’  cells  according  to  the  procedure  of  Yoshida  et  ai  (22), 
with  the  following  modifications.  The  acid  (H2S04)-soluble  supernatant  was 
precipitated  with  10  volumes  of  cold  acetone.  After  overnight  precipitation, 
histones  were  collected  by  centrifugation.  The  pellet  containing  histones  was 
dissolved  in  50  fil  of  H2O.  and  proteins  were  quantified  by  using  the  BCA 
protein  assay  kit. 

The  extracted  histones  were  separated  by  electrophoresis  on  a  15%  SDS- 
PAGE  gel  and  transferred  to  nitrocellulose  membrane.  After  sequential 


incubations  with  rabbit  anli-acetylated  H3  and  H4  polyclonal  sera  and  goat 
antirabbil  horseradish  peroxidase-conjugated  secondary  antibody,  the  im¬ 
munoreactive  proteins  were  detected  by  the  enhanced  chemiluminescence 
method. 

Transfections  and  Luciferase  Assays.  The  ERE2-tk-luciferase/SV-neo 
plasmid  has  been  described  previously  (11).  MDA-MB-231  cells  were  trans¬ 
fected  with  the  plasmid  using  LipofectAMINE  reagent  and  selected  with  G4 18 
(I  mg/ml;  Life  Technologies,  Inc.)  for  2  weeks.  Isolated  colonies  of  G418- 
resi slant  cells  were  pooled  and  used  for  analysis.  The  pooled,  transfected  cells 
were  maintained  in  culture  media  with  1  mg/ml  G418.  Luciferase  activities 
were  determined  by  Bright-Glo  Luciferase  Assay  System  (Promega,  Madison, 
WI),  and  the  activities  were  normalized  for  protein  concentrations. 

Results  and  Discussion 

Induced  ER  Expression  by  DNMT  and  HDAC  Inhibitors.  The 
ER-  and  PR-negative  cell  line  MDA-MB-231,  which  has  densely 
methylated  ER  and  PR  CpG  islands,  was  used  as  a  cell  model  to  test 
whether  both  DNMT  and  HDAC  inhibition  could  synergistically 
reactivate  ER  expression.  To  test  the  hypothesis  that  pharmacological 
modulation  of  DNMT  and  HDAC  by  5-aza-dC  and  TSA  could  syn¬ 
ergistically  activate  ER  gene  expression,  we  first  performed  dose- 
response  and  time-course  studies  to  characterize  the  effects  of  each 
individual  drug.  Maximal  ER  gene  re-expression  was  achieved  with 
100  ng/ml  TSA  (0.33  /im)  for  48  h  or  with  2.5  fxM  5-aza-dC  for  96  h 
(data  not  shown)  when  cells  were  treated  with  TSA  or  5-aza-dC  alone. 
Therefore,  to  test  the  hypothesis  that  combination  treatment  might 
have  additive  or  synergistic  effects,  a  treatment  strategy  of  an  optimal 
dose  of  5-aza-dC  (2.5  ixm)  for  96  h  with  the  addition  of  TSA  at  100 
ng/ml  for  the  last  12  h  was  used.  We  postulated  that  the  reactivating 
effects  of  the  demethylation  agent  may  be  potentiated  by  a  short 
treatment  with  the  HDAC  inhibitor.  Thus,  for  the  combination  studies, 
MDA-MB-231  cells  were  treated  with  5-aza-dC  for  96  h,  and  TSA 
was  added  for  the  last  12  h.  As  shown  in  Fig.  lA,  ER  mRNA  was 
induced  3 1 -fold  by  treatment  with  5-aza-dC  for  96  h  as  compared  with 
vehicle-treated  cells,  whereas  treatment  with  TSA  alone  for  12  h  had 
little  effect.  The  combined  treatment  led  to  a  --'400- fold  induction  in 
ER  transcript.  Thus,  the  brief  addition  of  TSA  to  optimal  5-aza-dC 
treatment  increased  ER  mRNA  by  about  13-fold,  suggesting  a  syner¬ 
gistic  effect. 

To  ascertain  whether  both  DNMT  and  HDAC  activities  could  play 
a  role  in  repression  of  ER  expression  more  generally,  the  dual  treat¬ 
ment  strategy  was  evaluated  in  another  ER-negative  human  breast 
cancer  cell  line,  MDA-MB-435.  Optimal  ER  gene  re-expression  was 
observed  after  treatment  of  these  cells  with  either  50  ng/ml  (0.165  /xm) 
TSA  for  48  h  or  0.6  fiM  5-aza-dC  for  96  h  when  these  drugs  were  used 
as  single  agents  (data  not  shown).  The  same  combination  treatment 
used  for  MDA-MB-231  cells  was  used  for  MDA-MB-435  cells.  As 
shown  in  Fig.  IB,  treatment  with  5-aza-dC  alone  induced  ER  mRNA 
by  36-fold,  whereas  treatment  with  TSA  alone  for  12  h  had  little 
effect.  The  combined  treatment  led  to  a  318-foId  induction  of  ER 
transcript  compared  with  that  of  vehicle-treated  MDA-MB-435  cells 
(Fig.  IB).  Thus,  two  different  ER-negative  cell  lines  showed  evidence 
of  synergistic  reactivation  of  ER  by  the  combined  approach  of  DNMT 
and  HDAC  inhibitors. 

We  next  studied  how  the  levels  of  ER  reactivation  compared  with 
endogenous  ER  expression  in  the  human  breast  cancer  cell  line 
MCF-7.  As  shown  in  Fig.  1C,  5-aza-dC  induced  ER  transcripts  in 
MDA-MB-231  and  MDA-MB-435  cells  to  4%  and  2%,  respectively, 
of  the  expression  level  found  in  MCF-7  cells.  The  addition  of  TSA  to 
the  5-aza-dC-treated  cultures  induced  ER  mRNA  to  50%  and  20%  of 
the  MCF-7  expression  levels,  respectively.  Thus,  the  combination 
treatment  consistently  and  synergistically  induced  ER  transcript  in 
ER-negative  breast  cancer  cell  lines,  supporting  our  hypothesis  that 
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Fig.  1.  Effects  of  DNMT  and  HDAC  inhibitors  on  ER  expression  in  ER-negative  breast 
cancer  cells.  A  and  B,  effects  of  TSA,  5-aza-dC,  or  the  combination  of  both  on  ER 
transcript,  as  -detected  by  a  quantitative  competitive  PCR.  The  ratio  of  ER  mRNA 
(drug'treated  cells/vehicle*treated  cells)  is  designated  as  fold  induction  (see  “Materials 
and  Methods’’)  in  MDA-MB-23 1  (A)  and  MDA-MB-435  (B).  A  representative  example  of 
three  experiments  that  gave  similar  results  is  shown.  Aia,  S-aza-dC.  C,  relative  levels  of 
ER  activation  in  drug-treated  cells  compared  with  the  level  of  ER  mRNA  in  MCF-7  cells. 
231,  MDA-MB-23 1 ;  435.  MDA-MB-435.  D,  Western  blot  analysis  of  ER  protein  expres¬ 
sion  from  nuclei-enriched  fraction  of  proteins  (50  /ng/lane)  in  drug-treated  and  vehicle- 
treated  MDA-MB-23 1  cells.  Whole  cell  lysates  from  MCF-7  cells  were  used  as  an  ER 
protein-positive  control.  A  representative  example  of  two  independent  experiments  that 
gave  similar  results  is  presented.  /3-Actin  was  probed  as  a  protein  loading  control. 


the  activities  of  both  DNMT  and  HDAC  are  key  regulators  in  ER  gene 
silencing.  The  synergistic  effect  with  an  optimal  exposure  to  DNMT 
inhibitor  and  a  suboptimal  exposure  to  HDAC  inhibitor  suggested  a 
layered  action  on  ER  activation. 

However,  the  combination  of  DNMT  and  HDAC  inhibitors  apparently 
did  not  reactivate  ER  mRNA  expression  to  the  levels  seen  in  MCF-7 
cells.  This  finding  could  reflect  experimental  variation  or  differences  in 
genotypes  between  cell  lines.  Alternatively,  it  is  possible  that  other 
mechanisms  might  also  play  a  role  in  the  silencing  process.  For  example, 
other  transcriptionally  repressive  complexes  such  as  methyl-CpG  binding 
protein/HD  AC  could  also  be  involved  in  the  silencing  process.  Also, 
some  corepressor  proteins  in  various  repressive  complexes  are  partially 
HDAC  independent.  For  instance,  a  component  of  the  repression  medi¬ 
ated  by  the  MeCP2  transcriptional  repression  domain  is  partially  HDAC 
independent,  and  mSin3A  could  retain  some  ability  to  repress  transcrip¬ 


tion,  even  in  the  absence  of  associated  HDACs  (12).  Also,  DMAP-1,  a 
corepressor  in  the  DNMT  1 /HDAC  gene  transcriptional  repression  com¬ 
plex,  is  HDAC  independent  (14).  Therefore,  simultaneous  inhibition  of 
several  components  in  the  methylation- associated  repressive  complexes 
might  be  necessary  to  achieve  maximal  reactivation  of  repressed  genes. 

This  effect  appeared  to  be  relatively  specific  for  the  methylated  ER 
gene  because  the  treatments  (alone  or  in  combination)  had  no  apparent 
effect  on  the  level  of  expression  of  the  unmethylated  housekeeping 
gene,  /3-actin,  using  a  competitive  quantitative  PCR  assay  (data  not 
shown).  However,  the  combined  treatment  of  the  ER-negative  breast 
cancer  cells  did  reactivate  expression  of  other  genes  silenced  by  methyl¬ 
ation  such  as  RAR^2  or  cyclin  D2  (data  not  shown)  in  addition  to  ER. 

Next,  we  investigated  whether  the  activated  ER  transcript  was 
translated  into  ER  protein  by  Western  analysis.  The  ER  protein  signal 
in  5-aza-dC-treated  MDA-MB-23 1  cells  was  compared  with  that  in 
the  combination-treated  cells  after  normalizing  with  )8-actin  protein. 
As  shown  in  Fig.  ID,  5-aza-dC  treatment  of  MDA-MB-23 1  cells 
reactivated  the  67,000  ER  protein,  whereas  TSA  had  little  effect. 
The  amount  of  ER  protein  in  combination-treated  cells  was  about 
twice  that  in  cells  treated  with  5-aza-dC  alone.  These  data  provide 
further  evidence  that  ER  gene  expression  was  enhanced  by  the  com¬ 
bined  treatment  with  5-aza-dC  and  TSA  as  compared  with  that  seen 
with  either  drug  alone. 

Analyses  of  Activated  ER  Function  in  MDA-MB-231  Cells.  The 
ability  of  the  re-expressed  ER  protein  to  mediate  an  estrogen  response 
was  tested  next.  For  this  study,  a  plasmid  that  contains  a  firefly 
luciferase  gene  under  the  transcriptional  regulation  of  two  EREs 
driving  a  thymidine  kinase  promoter  was  stably  transfected  into 
MDA-MB-231  cells.  These  cells  were  treated  with  5-aza-dC  or  TSA 
alone  and  with  the  combination  of  both  (see  “Materials  and  Methods’") 
in  estrogen -containing  culture  media.  As  shown  in  Fig.  2A,  treatment 


A 
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Fig.  2,  Effects  of  DNMT  or  HDAC  inhibition  on  ERE-driven  promoter  activity  and 
endogenous  estrogen-responsive  PR  gene  transcription  in  MDA-MB-23 1  cells.  A.  effects 
of  treatments  on  ERE-regulated  reporter  activity  in  MDA-MB-231  cells  stably  transfected 
with  EREj-tk-luc^SV-neo  plasmid.  Fold  activity  is  calculated  from  the  relative  luciferase 
values  in  drug-treated  versus  vehicle-treated  cells  in  triplicate  samples  after  the  luciferase 
units  were  adjusted  for  the  protein  concentration  in  each  setting  (mean  fold  activ¬ 
ity  ±  SD).  A  result  from  one  of  three  independent  experiments  that  give  similar  results  is 
shown.  B.  effects  of  treatment  on  PR  gene  expression.  Top  panel,  the  predicted  400-bp  PR 
transcript  expression  in  MDA-MB-231  cells.  A  representative  example  of  four  experi¬ 
ments  with  similar  results  is  shown.  T-47D  was  used  as  a  PR  PCR-positive  control,  and 
HiO  was  used  as  a  PCR-negative  control.  AZA,  5-aza-dC;  ICl,  ICI  182,  780.  Bottom  panel. 
^-actin  RT-PCR  product  provides  a  control  for  the  amount  of  intact  RNA  used  in  the 
reaction. 
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with  5-aza-dC  alone  led  to  a  1.4-fold  increase  in  promoter  activity. 
TSA  alone  induced  the  reporter  activity  by  5-fold,  an  unexpected 
finding  because  12  h  of  TSA  induced  little  ER  mRNA  or  protein. 
Possibly,  this  is  due  to  the  chromatin  remodeling  effect  of  TSA 
instead  of  ER  involvement.  Nevertheless,  cotreatment  with  5-aza-dC 
and  TSA  elicited  a  more  than  additive  induction  of  reporter  activity 
(about  8-fold;  Fig.  2A).  Thus,  the  combination  treatment  enhanced 
ERE-driven  reporter  transcription  in  MDA-MB-231  cells  when  com¬ 
pared  with  single  agents. 

To  confirm  that  drug-activated  reporter  activity  was  a  specific 
estrogen  effect  mediated  through  the  action  of  the  activated  ER,  the 
ER  antagonist  ICI  182,780  (5  jllm)  was  used  to  block  estrogen  effects 
in  the  culture  (23).  As  shown  in  Fig.  2A,  ICI  182,780  suppressed 
5-aza-dC-stimulated  ERE-mediated  reporter  activity  but  had  no  effect 
on  TSA-mediated  transcription.  These  results  indicate  that  5-aza-dC- 
activated  reporter  transcription  (5-aza-dC  alone  or  the  combination)  is 
a  specific  hormone  effect  and  suggest  that  the  effect  of  treatment  by 
TSA  alone  on  this  reporter  activity  is  not  completely  related  to 
estrogen  response.  Indeed,  the  exact  nature  of  the  effect  of  TSA  on 
this  reporter  needs  to  be  further  explored. 

We  further  investigated  the  ability  of  the  drug-induced  ER  to 
activate  expression  of  the  endogenous  ER-responsive  gene,  PR.  As 
shown  in  Fig.  2B,  treatment  of  MDA-MB-23 1  cells  with  5-aza-dC  or 
the  combination  induced  PR  mRNA  expression,  whereas  ICI  182,780 
or  'tSA  alone  had  little  or  no  effect.  Cotreatment  of  MDA-MB-231 
cells  with  5-aza-dC/ICI  182,780  suppressed  PR  expression.  Similarly 
ICI  182,780  treatment  of  cells  growing  in  5-aza-dC  and  TSA  led  to  a 
marked  decrease  in  PR  expression.  Together,  these  data  suggest  that 
drug-induced  ER  is  functionally  active. 

Changes  in  DNMTl  Expression,  ER  CpG  Island  Methylation, 
and  Increased  H3  and  H4  Acetylation  Introduced  by  DNMT  and 
HDAC  Inhibitors.  To  study  the  underlying  mechanisms  associated 
with  the  synergistic  activation  of  the  methylated  ER  gene,  we  exam¬ 
ined  the  expression  and  activity  of  the  methylation  maintenance 
enzyme,  DNMTl.  The  results  in  Fig.  3A  showed  that  addition  of  2.5 
p,M  5-aza-dC  to  the  culture  of  MDA-MB-231  cells  for  96  h  markedly 
depleted  soluble  DNMTl  protein  expression  and  total  DNMT  activity 
from  the  whole  cell  protein  lysates  (Fig.  3B).  Interestingly,  TSA  also 
down-regulated  soluble  DNMTl  protein  expression  with  some  reduc¬ 
tion  in  DNMT  activity.  Down-regulation  of  DNMTl  expression  by 
TSA  was  consistently  obtained  in  several  independent  experiments. 
The  combination  treatment  further  reduced  the  amount  of  DNMTl 
protein  and  total  DNMT  activity.  Although  the  effect  of  5-aza-dC  on 
soluble  DNMTl  protein  and  total  DNMT  activity  was  expected  be¬ 
cause  it  sequesters  DNMTs  after  its  incorporation  into  genomic  DNA 
and  inhibits  its  enzyme  activity  (10),  the  effect  of  TSA  was  not.  One 
possible  explanation  is  that  the  effect  of  TSA  on  DNMTl  expression 
and  DNMT  activity  reflects  its  ultimate  antiproliferative  effects.  A 
second  explanation  is  that  a  possible  functional  or  physical  interaction 
exists  between  DNMTl  and  HDAC.  Because  the  ceil  proliferation 
marker  PCNA  interacts  physically  with  DNMTl  (24),  we  examined 
its  expression  by  immunoblot.  As  shown  in  Fig.  3A,  PCNA  expression 
was  not  obviously  modulated  by  any  treatment.  Thus,  our  data  suggest 
a  possible  functional  connection  between  DNMTl  and  HDAC  or 
physical  dependency  for  protein  stabilities  because  no  obvious  down- 
regulation  of  DNMT  transcript  was  observed  by  the  various  treat¬ 
ments  (data  not  shown).  However,  the  discrepancy  between  the  level 
oPDNMTl  depletion  and  reduction  in  total  DNMT  activity  induced 
by  TSA  could  also  reflect  a  role  of  other  DNMT  family  members  that 
are  not  affected  by  TSA. 

Next,  the  MSP  assay  was  used  to  examine  the  methylation  status  of 
the  ER  CpG  island  in  MDA-MB-231  cells  after  the  treatments  (Fig. 
3C).  The  ER  CpG  island  remained  methylated  in  MDA-MB-231  cells 


Fig.  3.  Effects  of  inhibitors  of  DNMT  and  HDAC  on  soluble  DNMTl  expression  and 
DNMT  activity,  ER  CpG  island  methylation,  and  the  acetylation  of  histones  H3  and  H4 
after  the  treatments  (see  “Materials  and  Methods”).  A,  DNMTl  and  PCNA  expression 
levels  were  analyzed  by  Western  blot  analysis.  Equal  amounts  of  MDA-MB-23 1  protein 
lysates  (50  ^g/each  lane)  from  drug-treated  and  vehicle-treated  cells  were  subjected  to 
analysis.  The  blot  was  reprobed  with  anti-)3-actin  antibody  as  a  protein  loading  control.  A 
representative  result  of  three  independent  experiments  is  presented.  B,  analysis  of  DNMT 
activity.  Cell  lysates  from  MDA-MB-231  cells  grown  in  the  presence  or  absence  of 
5-aza-dC,  TSA,  or  5-aza-dC  and  TSA  were  assayed  for  enzyme  activity.  Data  are 
presented  as  the  mean  dpm  ±  SD  of  triplicate  samples.  C,  MSP  analysis  of  ER  CpG  island 
methylation  pattern  using  a  representative  primer  set  ER5  after  the  treatments.  ER-positive 
MCF-7  was  used  as  an  unmethylated  control,  untreated  MDA-MB-23 1  cells  were  used  as 
a  methylated  control,  and  H2O  was  used  as  a  MSP-negative  control.  Lanes  m,  methylated 
products;  Lanes  u,  unmethylated  products.  D.  histone  H3  and  H4  acetylation  profiles  in 
MDA-MB-231  cells  after  the  treatments  (see  “Materials  and  Methods”).  Western  blot 
analysis  of  equal  amounts  of  total  acid-extracted  proteins  (50  p,g/lane)  from  dnig-treated 
and  vehicle-treated  MDA-MB-23 1  cells  using  specific  anii-acetylated  H3  and  H4  anti¬ 
bodies  is  shown. 


treated  with  vehicle  or  TSA  (100  ng/mJ  for  12  h).  However,  treatment 
with  5-aza-dC  alone  or  in  combination  with  TSA  led  to  partial 
demethylation  of  the  CpG  island,  in  conjunction  with  ER  gene  re¬ 
expression.  These  data  are  consistent  with  our  previous  findings  and 
reaffirm  that  DNA  methylation  is  a  participant  in  the  regulation  of  ER 
gene  expression  (11). 

We  then  studied  whether  HDAC  inhibition  directly  acetylates  his¬ 
tones  and  whether  the  increased  histone  acetylation  is  assogiated  with 
ER  gene  activation.  As  shown  in  Fig.  3D,  the  HDAC  inhibitor  TSA 
up-regulated  H3  and  H4  acetylation  as  expected,  although  the  magni¬ 
tude  of  ER  gene  activation  was  not  clearly  proportional  to  the  degree 
of  histone  H3  and  H4  acetylation. 
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^  '  In^ummary,  a  demethylated  ER  promoter  sequence  with  increased 
histone  H3  and  H4  acetylation  by  sequential  inhibition  of  both  DNMT 
^  and  HDAC  is  correlated  with  the  synergistic  activation  of  the  ER 
gene.  These  data  indicate  that  pharmacological  intervention  against 
DNMT  and  HDAC  can  lead  to  alteration  of  ER  gene  methylation  and 
chromatin  conformation  change  characterized  by  hyperacetylated  his¬ 
tones.  Future  studies  using  coimmunoprecipitation  or  chromatin- 
ifnmunoprecipitation  assay  to  elucidate  the  individual  components 
that  form  the  transcriptionally  repressive  complex  at  the  ER  gene 
locus  will  be  pursued,  and  the  effects  of  pharmacological  manipula¬ 
tion  will  be  further  explored. 

Because  ER  is  a  critical  growth-regulatory  gene  in  breast  cancer,  it 
is  important  to  better  understand  its  transcriptional  regulation.  Our 
data  suggest  that  a  combination  drug  regimen  of  both  DNMT  and 
HDAC  inhibitors  can  synergistically  activate  functional  ER  protein. 
Additional  studies  will  be  necessary  to  evaluate  the  clinical  implica¬ 
tions  of  this  finding  with  regard  to  sensitivity  to  selective  ER  modu¬ 
lators  such  as  tamoxifen  or  ICI  182,780. 
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^449 ormationailv  constrained  polyamine  analogues  and  ollgoam- 
inea  inhibit  growth  and  induce  apoptosis  in  human  breast  cancer  cells.  Yt 

Huang,  Erin  R.  Hager,  Dawn  L  Phillips,  Amy  Hacke,  Benjamin  Frydman,  Aklonla 
L  Valasinas,  Venodhar  K.  Reddy,  Laurence  J.  Marton,  Robert  A.  Casero,  and 
Nancy  E.  Davidson.  Dept  of  Oncology,  Johns  Hopkins  University,  School  of 
Medicine,  Baltimore,  MD,  and  SUL  Biomedical  Corp.,  Madison,  Wf. 

Polyamine  analogues  have  demonstrated  considerable  promise  against  many 
Important  solid  tumor  models  including  breast  cancer.  However,  the  precise 
mechanism  of  anthtumor  activities  of  polyamine  analogues  is  not  well  under¬ 
stood.  We  have  evaluated  and  characterized  seven  representatives  of  a  new 
generation  of  conformationally  constrained  polyamine  analogues  and  otfgoam- 
ines  that  exhibited  significant  growth  Inhibitory  effects  against  human  breast 
cancer  cell  lines  Including  MCF7  and  MDA-MB-231  cells.  The  polyamine  ana^ 
logue  concentrations  required  for  $0%  growth  Inhibition  (IC50)  were  generally 
less  than  1  microM  for  96  h.  Modest  induction  of  polyamine  catabolic  enzyme 
spermidine/spermlne  N1-actetyltransferase  (SSAT)  and  polyamine  pool  depletion 
was  observed  by  24h.  For  a  majority  of  compounds  tested,  intemucleosomal  DNA 
fragmentation  was  determined  to  be  time  and  concentration  dependent.  Further 
analyses  indicate  that  the  intrinsic  mitochondrial  apoptotic  pathway  is  activated 
by  polyamine  analogues  in  MOA-MB-231  cells,  but  not  In  MC^  cells,  suggesting 
that  different  mechanisms  and  pathways  are  Involved  In  polyamine  analogue- 
induced  apoptosis^  In  addition,  polyamine  analogues  significantly  Inhibited  the 
growth  of  transplanted  MDA-MB-231  cells  in  nude  mice.  These  results  suggest 
that  the  newly  synthesized  polyamine  analogues  show  effective  antitumor  action 
against  human  breast  cancer  cells.  [Supported  by  NIH  Grants  P50CA88843, 
CA51 085,  Army  DOD  Grant  DAMD  1 7-99-1-9242,  and  DAMD1 7-00-1  -0301 ) 


